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Tissue engineering or regeneration is a multidisciplinary field to restore, maintain, 
and enhance tissue and organ function [1].  In tissue engineering, biodegradable scaffolds 
are used to support and guide cells to proliferate, organize and produce their own 
extracellular matrix (ECM).  When tissue regeneration is performed outside the body, 
cells on scaffolds are grown in physiological conditions and implanted into the human 
body.  Thus, tissue engineering is thought to consist of three key components: cell 
sources, scaffold, and cell-scaffold interaction.  Along with cell sources and cell-scaffold 
interaction [2-3], a scaffold, is a critical component for tissue regeneration.  Many groups 
have reported various methods [4-5] to fabricate scaffolds with various physical 
properties [6-7] using biomaterials [8].  Among them, electrospinning technology has 
recently emerged as a novel technique for tissue regeneration [9] because it is versatile 
and relatively economical to manufacture nanofibers mimicking natural ECM [10].  
However, one significant drawback of electrospinning technology is inappropriate pore 
size of the three dimensional (3D) scaffolds for cells to grow inward.   
2 
 
Developing a novel process that allows formation of fibers with large and 
controllable pore size is, thus, necessary to overcome the current limitations of the 
electrospraying process when it is applied to tissue regeneration.  To improve the quality 
of regenerated tissue, understanding the cell behavior on single fibers within the scaffold 
is important to design improved 3D scaffolds.  Recent advances demonstrate that 
physical properties [6-7] of scaffolds such as pore size [2], topography [11] as well as 
chemical properties [8, 12] modulate cell behavior.  However, it is difficult to study 
single cell behavior at this juncture on single electrosprayed fibers due to the small pore 
size of electrosprayed fibers.  Thus, I hypothesize that the architecture of 3D scaffolds 
including pore size of scaffolds modulate cell behaviors such as cell infiltration, cell 
adhesion and cell colonization.  The goal of this dissertation is to investigate the 
influence of the structure of 3D scaffolds on cell behaviors, especially, pore size affecting 
cell infiltration, cell attachment and cell colonization after the fabrication of 
electrosprayed fibers with large and controllable pore size using polycaprolactone (PCL) 
and gelatin (Figure 1.1).  PCL was selected based on proven biodegradability, non-
toxicity, and biocompatibility of PCL under the physiological conditions.  Natural 
polymer gelatin (denatured collagen) was selected to improve the biological properties of 
PCL scaffolds.  The specific aims of this dissertation are 1) to develop thin layer of 
PCL electrosprayed fibers with large pore size and evaluate its application in 
developing thick 3D scaffold, 2) to develop thin layers of PCL/gelatin electrosprayed 
fibers with controllable pore size and evaluate its utility to study single cell behavior 
in 3D configuration, and 3) to develop the hybrid PCL fiber with different 




Figure 1.1. Schematics of the research scope.  (A) The design of the innovative 
collector plate (with the void gaps) and development of electrospraying process to 
fabricate large pore size. (B) Comparison of the new and conventional fibers. (C) 
Evaluation of cell behavior and development of thick 3D scaffold using new PCL fibers 
and layer-by-layer assembly. (D) The development of controllable pore size by 
manipulating the deposit volume. (E) The effect of shape and size on the new fiber 
structure. (F) Gelatin distribution on single PCL/gelatin fiber and its stability test under 
physiological condition. (G) Single cell behavior study on single fibers. (H) The 
fabrication of electrosprayed PCL fibers of different molecular weight. (I) The 
degradation study of PCL fibers with hybrid molecular weights under physiological 
conditions.   
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The first specific aim is to develop thin layers of PCL electrosprayed fibers with 
large pore size and evaluate its application in developing thick 3D scaffold (Figure 
1A, 1B, and 1C).   
The current bottleneck of the electrospraying technology process for tissue 
regeneration is the lack of generating structural features necessary for building 3D 
tissues; the formed structures have very small pore sizes compared to size of human cells 
and do not allow cells to infiltrate into the layers below the surface.  To solve this 
problem, I designed a novel collector plate which allows forming very thin layers with 
pore sizes suitable for cell infiltration and developed the new process of electrospraying 
using synthetic polymer polycaprolactone, (PCL) and natural polymer (gelatin) (Figure 
1A).  Thin samples could be handled without mechanically damaging the structure and 
could be transferred into cell culture plates.  I evaluated physical (fiber diameter, shape 
factor, pore size of the fiber) and mechanical (load-extension curves) properties of the 
new fibers compared to conventional ones (Figure 1B).  To show that this system can be 
utilized in tissue regeneration, I evaluated cell behavior (infiltration, adhesion, and 
spreading) using human foreskin fibroblast in 15% serum added media.  Thin layers were 
stacked by layer-by-layer assembly to develop thick structures.  Seven day cultures of 
fibroblasts show attachment and spreading of cells in every layer.  Thirty day cell culture 
showed that cell-glued 3D scaffolds formed by layer-by-layer assembly and formed a 




The second specific aim is to develop thin layers of PCL/gelatin electrosprayed fibers 
with controllable pore size and evaluate its utility to study single cell behavior in 3D 
configuration (Figure 1D, 1E, 1F, and 1G). 
Controlling the pore size in the fibers is important because pore size affects cell 
behavior such as infiltration and attachment.  I designed the new process to control the 
pore size of fibers by manipulating the deposit volume of polymer solution (Figure 1D).  
By manipulating the deposit volume of polymer solution and the size of void in the new 
collector plate, the pore size (about 10 µm to 350 µm) of the fibers was controllable to 
meet the optimized pore size for cell behavior study.  The evaluation of the shape and the 
size of the void in the new collector plate were also investigated since the electric field 
changes with the pattern of the void.  Thus, different shapes (triangle, rectangle, and 
circle) of the void in the new collector plates were designed to evaluate the polymeric 
structure of the fibers.  Then, I evaluated patterns of accumulated fibers, fiber diameter, 
shape factor, pore size of the fibers of the new fibers.  These results showed that the 
shape of the void affected the alignment of the fibers and the different diameters of the 
void affect the pore size of the fibers (Figure 1E).  I also developed 3D nanofibers made 
of PCL and gelatin using the solvent of hexafluoro-2-propanol (HFP).  Distribution and 
stability of gelatin on single PCL/gelatin fibers was studied in two-week incubation under 
physiological condition using carboxyfluodiacetate-succinimidyl ester (CFDA-SE).  
These results showed that physical and chemical properties of nanofiber were sufficient 
to carry out single cell adhesion in serum free media (Figure 1F).  Interaction of cells on 
single electrosprayed fibers was studied up to 24 hr using fibroblast in serum free media.  
These results showed that the cell shape on 3D nanofibers is dependent on the polymeric 
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structure of single fibers where cells were attached.  Cell shapes were elliptical, 
triangular, and quadrangular on single fibers at nearby intersection of two single fibers, 
and on the intersection of two single fibers, respectively.  The cell shape and size on 3D 
nanofibers are dependent on the polymeric structure of single fibers where cells were 
attached (Figure 1G). 
 
The third specific aim is to develop the hybrid PCL fiber with different molecular 
weight and evaluate its degradation under physiological condition (Figure 1H and 
1I). 
PCL is a biocompatible material widely used in various biomedical applications.  
However, the long degradation periods under the physiological condition limit the broad 
use of PCL.  Although several groups reported the degradation characteristics using 
membranes made of low molecular weight PCL, electrospraying process inhibits the fiber 
fabrication with low molecular weight due to the low viscosity of the solution.  To 
overcome the limitation of the fabrication, I fabricated electrosprayed fiber with high, 
medium and low molecular weight PCL (Figure 1H).  I used a novel collector plate to 
fabricate the large pore size, which also facilitates study of each fiber.  I compared fiber 
characteristics and performed degradation characteristics for four weeks in physiological 
conditions.  Comparison of fiber characteristics with different mixing ratio, and the 
acceleration of degradation of single PCL fiber by the mixture with low molecular weight 
were also demonstrated (Figure 1I).   
Given the versatility of existing electrospinning technology for fabricating 
biomimic micro and nanosize fibers made of various biomaterials, these results will have 
7 
 
significant impact on regeneration of various tissues.  The fabrication of fibers with large 
and controllable pore size overcomes the current issue of electrosprayed fibers when the 
fibers are applied to tissue regeneration.  The thin layer of fibers with large pore size has 
significant potential to study single cell behaviors such as cell attachment and cell 
duplication, and construction of extracellular matrix in thick tissue development.  
Furthermore, the electrosprayed fiber with controllable pore size could be used in other 
fields such as sustainability, environmental engineering, and nanotechnology.   
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2.1. TISSUE ENGINEERING 
Tissue engineering or regeneration is a multidisciplinary study to restore, 
maintain, and enhance tissue and organ function [1].  In the US, tissue and organ failure 
is a major problem [1], there are several treatment options: transplantation, surgical 
repair, artificial prostheses, mechanical devices, and drug therapy.  By these methods, 
however, it is not possible to repair major damage of tissue and organs in a satisfactory 
way [2].  A potential alternative to conventional therapy is tissue engineering.  The 
potential impact of tissue engineering is far broader in the future; the regeneration of 
organ and tissues in the 21st century is equivalent to the use of antibiotics in the 20th 
century [3].  Several engineered tissues have been approved by the Food and Drug 
Administration (FDA) [4].  Tissue engineering research and development are being 
chased by startup development businesses with an expenditure of more than $600 million 
per year.  Budget of tissue engineering firms are growing at a compound annual rate of 
16% since 1990s [5] and the investment exceeded $3.5 billion in 2002 [5].   Academic 
and corporate interests in tissue engineering continue to increase due to the medical and 





Figure 2.1. Schematic Procedure of Cell Culture.  First, cells are harvested from the 
human body, then in vitro cell culture, cells are seeded onto a scaffold, a three 
dimensional matrix for growing cell with ingredients such as growth factors.  Finally, the 
colonized cells in 3D scaffold is implanted into the human body to cure malfuctioning 
tissues or organs.  There are three key elements (scaffold, cells, and scaffold-cell 
interations) of tissue engineering.  Among three elements, scaffold, biomimetic matrix, is 
the most important because the strucure of 3D scaffold in micro and macroscale affects 
the cell behaviors such as cell adhesion, cell infiltration, cell coloniztion.    
11 
 
The goal of tissue engineering is to repair and restore tissue and organ functions 
using a combination of cells and scaffolds.  The fundamental approach is to culture cells 
in 3D scaffolds.  After in vitro cell culture, cells are seeded into 3D scaffold, which grow 
in physiological conditions.  The scaffolds guide cell attachment and cell migration.  
Then, scaffolds allow attached cells to proliferate, organize and excrete their own ECM 
[6].  When scaffolds facilitate tissue and organ function properly, the scaffolds (cell 
growing matrix) are implanted into the human body (Figure 2.1).  Thus, injured tissue 
and organs are addressed by implanting engineered tissues and organs, whereby organ 
replacement can be reduced [2].  To design and develop a method for tissue regeneration 
based on scaffolds, understanding three key elements (scaffolds, scaffold-cell interaction, 
and cells) are important to achieve better tissue regeneration.   
 
2.1.1. Cell 
First, cell sources in tissue engineering should be easily accessible, less 
immunologically responsible, and easily expandable without changing the physical trait 
and function, and without transmitting species-specific pathogens [7].  Several cell 
sources are categorized.  Autologous [8] cells are harvested from the same individual to 
whom the regenerated tissue will be implanted.  Allogenic [9] cells are obtained from the 
donor body of the same species.  Xenogenic [10] cells are those isolated from individuals 
of another species.  Syngenic [11] or isogenic cells come from genetically identical 
organisms, such as twins, clones.  Primary [12] cells are harvested from an intact tissue.  
Secondary [13] cells are obtained from a cell bank which is manipulated to proliferate.  
Stem [14-17] cells are undifferentiated cells able to divide in culture and cause different 
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forms of specialized cells.  Stem cells are grouped into adult [15] and embryonic [16] 
stem cells on the base of their sources.  Adult stem cell is multipotent, for instance, a 
blood stem cell can develop into several types of blood cells.  Most of the embryonic 
stem cells are pluripotent to be able to develop three germlayers (endoderm, mesoderm, 
and ectoderm).   
 
2.1.2. Cell-scaffold interaction 
Secondly, cells are naturally aware of their surroundings such as nearby signaling 
molecules [18-19].  Surrounding proteins affect complex stimulation of cell receptors, 
determining cell responses.  These extrinsic factors cause a highly defined and 
specialized cell microenvironment essential to proper tissue development and function.  
Scaffold also guides the migration of cells into the implant site and stimulates their 
viability and proliferation.  They also degrade in response to matrix remodeling enzymes 
excreted by the cells [20].  For instance, adhesion domains such as arginine-glycine-
aspartate (RGD) has allowed the design of scaffold to modulate cell adhesion [21].  Also, 
growth factor related scaffold design has been reported [22-23].  For example, growth 
factor cooperated biomaterials increase the efficiency of cell seeding and cell 
proliferation, and facilitate rapid formation of dermal tissue [22].   
Along with chemical stimulus, cell behaviors can also be affected by physical 
properties of scaffolds which are closely related to the architecture of scaffolds.  The 
architectural features consist of pore size, porosity, fiber orientation, scaffold stiffness, 
and topography [24] (Table 2.1).  Pore size influences cell binding, migration, depth of 
cellular in-growth, cell morphology and phenotypic expression [25].  Proper pore size 
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allows cells to spread into pores and join with surrounding cells.  In an optimal range of 
pore size, cell ingrowths are moderated but out of optimum range, cells are hardly able to 
spread and to form networks.  Optimum pore size depends on cell types and scaffold 
materials but the optimum range of pore size for most mature cell types is in the range of 
100-150 um [26].  Pore size affects cell growth and scaffold properties as well.  The 
elasticity of scaffold increases when the number of pores increases [27].   
Porosity [28-29] regulates cell adhesion and migration.  High porosity makes high 
surface area efficient for cell seeding, helpful for cell matrix interaction, and sufficient 
for extra cellular matrix regeneration.  In addition, high porosity supports cell 
proliferation and higher porosity increases cell adhesion.  Pore interconnectivity also 
enlarges overall surface area for cell attachment and enhances cell ingrowths.  Fiber 
orientation [30] affects tissue regeneration.  Despite similar proliferation, collagen is 
better synthesized by fibroblast on aligned nanofibers than on randomly arranged 
nanofibers; spindle-shaped fibroblasts or fibroblasts oriented in the same direction of 
aligned fibers is hypothesized to mimic in vivo condition quite well and to produce more 
ECM.  Scaffold stiffness [29, 31] influences cell behaviors such as cell organization and 
cell viability.  For instance, scaffold stiffness correlates with different degree of shrinkage 
in the cells.  Reducing shrinkage results in spacious cell organization like normal cell 
morphology; scaffold shrinkage leads to cellular degeneration and shape deformation in 








Table 2.1. The influence of physical properties of scaffold on cell behaviors 
Physical Properties Cell Behaviors 
Pore size Cell ingrowths, cell morphology 
Porosity Cell adhesion, cell migration 
Fiber orientation ECM production 
Scaffold stiffness Cell viability, cell organization 
Topography in microscale Reshaping actin filaments 









Figure 2.2. Cell behavior in nanofibers with controllable pore size in 3D scaffold.  




Topography (surface landscape) [32] of scaffold affects cell behavior.  
Topographical reaction of cells to micrometer-range features such as grooves, and ridges 
has been well established for decades [33].  For instance, grooves prevent cells bending 
their cytoskeleton and reshaping its actin filaments to become accustomed to new 
topography.  However, no one has studied the influence of fiber sizes in 3D scaffold with 
microscale or nanoscale architecture on cell behaviors [19].  Approaches with that level 
of detail regarding the cell behaviors such as cell attachment, cell migration, cell 
proliferation, cell infiltration, and ECM construction, influenced by physical properties 
such as nanofiber with controllable pore size in 3D scaffold can produce benefits such as 
better architectural design and more efficient fabrication process of micro or nanosize 3D 
scaffold (Figure 2.2).   
 
2.1.3. Scaffold 
Finally, a scaffold, into which cells are seeded, is an artificial structure supporting 
3D tissue formation.  The scaffold renders it possible for cells to influence their own 
microenvironments.  Scaffold allows cell attachment and migration, enables diffusion of 
vital cell nutrients, and helps to retain cells.  Further, chemical and mechanical properties 
of the scaffold influence cell viability and proliferation [34].  Appropriate pore size and 
porosity are essential to modulate cell seeding and diffusion.  Biodegradability is 
essential because scaffolds are absorbed by the nearby tissue, which does not allow for 
surgical removal from the body.  The surface of scaffold is suitable for cell attachment 
and migration.  The mechanical properties of scaffold are harmonious with the tissue at 
implant site.   
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The development of chemistry, cell biology, and materials science are modulating 
fabrication of smart biomaterials that are only getting smarter [35].  However, more than 
2000 years ago, Chinese, Aztecs, and the Romans used biomaterials.  It is only in the past 
few decades that biomaterials begin to be broadly in medical application [36].  
Biopolymers [37] are broadly grouped into two categories: synthetic and natural 
polymers.  Synthetic polymers such as polycaprolactone (PCL) [38] have the benefit of 
tailoring its mechanical properties such as microstructure.  Natural biomaterials such as 
gelatin [39] have cell signals to modulate cell behavior such as cell adhesion.  However, 
synthetic biomaterials are short of cell signal to manipulate cell behavior and natural 
biomaterials lack tailorability of mechanical properties [40].  In this dissertation, PCL 
and gelatin were mainly used for scaffold fabrication because both are very economical. 
PCL is biodegradable polyester synthesized by ring opening polymerization of ε-
caprolactone.  PCL with melting point 60°C is degraded by hydrolysis of its ester 
linkages in physiological conditions and is therefore used as an implant in the body.  PCL 
is a Food and Drug Administration (FDA) approved material used in the human body.  
PCL [41] has been investigated as a scaffold.  Gelatin [38] is a protein derived from 
denaturing of the collagen of skin and bones.  The melting point of gelatin depends on its 




Several processes have been reported to fabricate scaffold with proper mechanical 
properties of pore size and porosity (Table 2.2).  Solvent casting & particulate leaching 
(SCPL), Emulsification/freeze-drying [42], computer assisted design and manufacturing 
(CAD/CAM) technologies [43], phase separation [44-45], nanofiber self assembly (NSA) 
[46], textile technologies [47].  Among them, electrospinning (the process of fabricating 
synthetic fibers in nanometer to micrometer size with non-woven structure using 
electrostatic forces) has been issued for 3D scaffold in the field of tissue engineering 
since non-woven meshes are similar to ECM in scale [48].  Electrospinning [48-49] is 
also versatile and relatively economical technology which is suitable for producing 
porous scaffolds [50].  Many groups are studying nanofibers with electrospinning 
technology using different synthetic and natural biomaterials along with different cells to 
prove the possibility for 3D scaffold [49, 51].  One significant drawback of 
electrospinning technology is, however, inadequate pore size for cells to grow inward 
into three dimensional (3D) scaffolds.  Manmade structures have tiny pores compared to 
human cells, and do not allow cells to infiltrate into the layers below the surface.  
According to a US patent licensed in 2008 [52], the pore sizes are less than 10 
micrometer while human cells are typically greater than 10 micrometer in size.  Hence, 
cell growth is restricted to the surface only.  The reduced pore size is primarily due to 
multiple layers of fibers deposited to obtain thicker structures that withstand mechanical 
handling in other steps.  For example, fibers have to be peeled-off from the collector plate 
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Figure 2.3. Conventional electrospray setup. (A) schematic showing conventional 
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The electrospray apparatus (Figure 2.3) consists of a syringe pump, syringe and 
needle tip, high voltage power supply, earth grounding and a collector.  When a collector 
is spun to orient the fibers, it is referred to as electrospinning.  When high voltage is 
applied in the system, the polymer solution flies from needle tip to collector [53-54].  
During the flight of the solution, the solvent evaporates and the polymer forms non-
woven fibers on the collector.  Most soluble polymers with high molecular weight can be 
electrosprayed or electrospun [55].  Nanofibers can be made of natural polymers, 
polymer blends, nanoparticle permeated polymers, and ceramics [55].  Different 
morphologies (beaded, smooth, core-shell, and porous fibers) have been reported [55].  
Since the technology allows the possibility of tailoring the mechanical properties and 
biological properties, there has been a significant effort to adapt the technology for use in 
tissue regeneration, drug delivery, and biomedical devices [54].  One significant 
drawback of the electrospinning technology involved in tissue engineering is, however, 
inadequate pore size for cells to grow inward into three dimensional (3D) scaffolds.  In 
this chapter, I review the existing electrospinning technology and address our strategy to 
fabricate new fibers with large pore size and apply the thin layer of eletrosprayed fibers 
to single cell behavior study and thick 3D scaffold development.   
 
2.2. ELECTROSPINNING 
2.2.1. History of electrospinning 
Electrospinning (electrostatic spinning) [54, 56], a process of fabricating micro 
and nanosize fibers with non-woven structure, has been known of over 100 years (Table 
2.3).  Electrospinning was first observed in 1897 [57] and was first patented in the US in 
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1902 [58].  In 1934 when Formhals patented a process and apparatus using electric 
charges to spin synthetic fibers, electrospining virtually became a valid technique to 
produce small sized fibers [59].  Formhals designed a movable thread-collecting device 
that allowed for the collection of fibers in a stretched state.  Using this apparatus, 
Formhals spun cellulose acetate in acetone/alcohol solution and collected aligned fibers.  
In 1939, Formhals also developed a new process by increasing the distance between 
collector sites to improve the problem of incomplete solvent evaporation [60].  
Researchers post Formhals focused on better understanding of the electrospinning 
process.  In 1969, Taylor reported about the jet form process in which he examined how 
the droplet behavior of polymer solution at the edge of a capillary in an electric field [61].  
Taylor found that when the surface tension was balanced by electrostatic forces, the 
pendant droplet developed in to a cone from the apex of which the fiber jet was emitted.  
This is one reason why electrospinning can generate much smaller fibers than the 
diameter of the capillary.  Further, Taylor determined that 49.3 degrees with respect to 
the axis of the cone at the cone apex is the proper angle to balance the surface tension 
with the electrostatic forces by examining viscous fluids.  After Taylor’s work, interest 
shifted to exploring the effect of individual processing parameters on the structural 
properties of electrosprayed fibers.  In 1971, Baumgarten investigated the relationship 
between parameters (solution viscosity, flow rate, applied voltage etc.) and the properties 
of fibers (fiber diameter).  Baumgarten found that fiber diameters initially decreased 
when electric field increased, reached the minimum, and started to increase when further 
increasing the applied electric field [62].  In 1978, polyurethane meshes were first applied 
to tissue engineering for development of vascular prosthesis.  In 1981, Larrondo and 
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Mandley also examined the effect of melt processing of the polymer on diameters of 
electrospun fibers [63-64].  They found that melting temperature is inversely related to 
the fiber diameters, which were bigger than those fabricated from polymer solution.  
Since 1980s, Electrospinning has regained attentions due to the era of nanoscience and 
nanotechnology [65].  Over 200 universities and research institutes are studying the 
electrospinning process and it has a potential to application in various fields such as 
tissue engineering [55].   
A search performed in Science Direct on March 1, 2010 indicates the dramatic 
increase in electrospinning and its application.  In 2009 alone, more than 600 journal 
articles were published on various aspects of electrospinning process and fiber fabrication 
(Figure 2.4).  Articles were published by such journals as Polymer, Biomaterials, 
Materials Letters, Acta Biomaterialia, Carbohydradrate Polymers, European Polymer 
Journal, Journal of Membrane Science, Sensors and Actuators B: Chemical, Journal of 
Colloid and interface Science, and Synthetic Metals.  These articles can be grouped into 
two categories: one category is research into various material related researches and their 
fundamental characteristics, mainly published in journals such as Polymer, Materials 
Letters, and Carbohydrate Polymers etc.  Major emphasis is placed on the relationship 
between the electrospinning parameters and distribution of fiber sizes.  The other 
category is related to utilizing electrospinning technology in various applications, 
particularly biomedical applications and journals include Biomaterials, Acta 
Biomaterialia.  An example is the possibility of forming electrosprayed fibers using 
biomaterials, modifying the fiber characteristics to suit the requirements of scaffold 
properties for tissue regeneration (Figure 2.5), and evaluating the effect on cellular 
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interactions.  Only a brief summary into the developments related to the effect of various 
parameters on fiber size is provided while referring the readers to numerous recent 
reviews related to this topic (see Appendix A for more details).   
 
2.2.2. Controlling Fiber size in electrospinning 
Fiber characteristics depend on a number of parameters which can be broadly 
grouped into two categories: processing parameters and solution parameters [54].  
Processing parameters include applied voltage, polymer solution flow rate, and capillary-
collector distance and solution parameters include solvent volatability, molecular weight 
of the polymer, polymer concentration, solution viscosity, and solution conductivity.  
Along with process and solution parameters, environmental (also referred as ambient in 
some articles) parameters such as temperature and humidity also affect the fiber 
characteristics.  Many of these parameters have been extensively discussed in relevance 
to biodegradable polymers [54, 66].  Only a brief summary is provided below.   
When applied voltage is increased, the fiber diameter initially decreases and then 
increases.  The fiber diameter also increases with increased flow rate of the polymer 
solution and with increased polymer concentration.  However, fiber diameter decreases as 
distance between capillary and collector plate is increased or with increase in solution 
conductivity.  In general, the process parameters affect fiber sizes but the exact 
relationship is unique to each polymer-solvent system.  The processing environment also 
affects the morphology of fibers.  Thus, under the optimized solvent and environmental 
conditions, the fiber size is controllable by manipulating the process parameters such as 




Figure 2.4. Number of articles about electrospinning by Science Direct on March 1, 
2010. 
 


















































































2.2.3. Materials for electrospinning 
Electrosprayed fibers are fabricated using various materials (polymers [54], 
ceramics [67], and metals [67]) to apply to many research fields such as energy, and 
environmental engineering but for tissue regeneration the fibers are usually made of 
biomaterials (synthetic and natural polymers) that are used in medical devices or in 
contact with biological systems (Table 2.4).  These materials are biodegradable; 
nontoxic, and biocompatible.  Thus, scaffolds are chemically degradable under the 
physiological conditions, are not toxic while in vivo and in vitro cell culture, and have an 
ability to perform with an appropriate host response in a specific application.   
Many of these materials are also biodegradable.  Hence, scaffolds are chemically 
degradable under the physiological conditions, non-toxic during in vivo and in vitro cell 
colonization, and have an ability to perform with an appropriate host response in a 
specific application.  Both synthetic polymers and natural polymers like Polycaprolactone 
(PCL)  [100, 101] , poly (glycolic acid), poly (lactic acid) [102-108], amorphous 50:50 
poly-lactide-co-glycolide (PLGA), methacrylic terpolymers  (such as methyl 
methacrylate) [109], gelatin (denatured collagen) [110], alginates [111], chitosan [112], 
glycosaminoglycans [113-119] fibrin [120] and silk [121] have been explored in the 
formation of electrospun fibers [122, 123].  PGA was used to develop a synthetic 
absorbable suture.  PLA products including tissue screws, tacks, and suture anchors, as 
well as systems for meniscus and cartilage repair are commonly used.  Synthetic 
polyesters degrade by hydrolysis [124] and their degradation rates and mechanical 
properties can be altered via polymerization techniques [125-127] and processing 
conditions [128-131].  However, these polymers show poor regulation on cellular activity 
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[132].  Alternatively, block copolymers of poly(ethylene oxide) and poly(butylene 
terephthalate) have been developed.  These materials are subjected to both hydrolysis (via 
ester bonds) and oxidation (via ether bonds).  Although a number of other materials 
generated using polymer chemistry, synthetic polymers do not possess a surface 
chemistry which is familiar to cells.  Despite significant efforts to improve these 
limitations via co-polymerization [133] and grafting RGD peptides (necessary for cell 
adhesion) [134, 135], recreating all the biological responses needs significant 
investigation.   
On the contrary, ECM components play a significant role in tissue remodeling 
under pathological conditions and their role in diverse molecular mechanisms have been 
extensively studied in clinical samples [136, 137].  However, the problem in using natural 
polymers is processing into different forms without chemical modifications.  For 
example, gelatin can be processed into 3D porous structure using electrospinning, 
however, it is not stable at physiological conditions.  The 3D porous structure looses 
mechanical stability in few minutes without a stabilization reaction using a cross linker.  
Cross-linking reduces biological activity of gelatin in addition to introducing 
complexities related to toxicity of the cross-linker and calcification due to preferential 
chelation.  Since each polymer system has a weakness in biological regulation or 
mechanical requirement, blending synthetic polymers with natural polymers has been 
explored [138-141].  Using this concept, extensive work on generating scaffolds from 
blends of natural and synthetic polymers [142-145] and other crystalline components has 
been performed [146].  Selecting suitable solvents, different polymers have been blended 














Gelatin Cobalt acetate/poly(vinyl acetate) 
Poly(d,l-lactic-co-glycolic acid) 
 
Collagen Magnesium titanate/poly(vinyl acetate) 
Poly(ethylene-co-vinyl alcohol) 
 
Fibrinogen Nickel acetate/poly(vinyl acetate) 
Poly(l-lactide-co-ε-caprolactone) 
 
Silk Fibroin Palladium acetate/polycarbonate 
Poly glycolic acid 
 
Chitin Zinc acetate/poly(vinyl acetate) 
Polyurethane 
 





2.2.4. Nozzle configuration in electrospinning 
A variety of nozzle configurations have been explored to engineer the physical 
and chemical properties of electrosprayed fibers (Figure 2.6).  The most common 
configuration is the single ejection system.  In this system, polymer solution ejects from a 
single needle tip and flies from the needle tip to the collector plate when the high voltage 
is applied to the electrospraying system.  Also, several dual ejection systems exist such as 
coaxial [68], sequential [69], and simultaneous [69] configuration.  In the coaxial system 
(Figure 2.6A), two different polymer solutions flow throughout two different needles 
with a big needle outside a smaller needle to fabricate core-shell fibers.  Another dual 
configuration is simultaneous system. In this system, two separated polymer solutions, 
ejected from two different needle tips side by side, fly together to a collector plate 
simultaneously.  Thus, hybrid structure of the fiber can be fabricated to control the 
mechanical, chemical, and biological properties of the fiber structure.  Simultaneous 
deposition allows intermeshing of two polymers and controlling the micro-architecture at 
the nanoscale.  In simultaneous deposition, the aluminum connector is used to couple the 
tips (Figure 2.6B).  The other one is the sequential eject system.  In this system, two 
different polymer solutions are deposited on a collector plate on top of one another and 
fabricate layer-by-layer of electrosprayed fibers.  Thus, the multilayer allows the fiber to 
improve the structural characteristics: physically, chemically, and biologically (Figure 







Figure 2.6. Nozzle configuration. (A) Coaxial, (B) simultaneous, (C) sequential ejects 









2.2.5. Collector Plate 
Collector plates in electrospraying process have a role not only in the fiber 
collector but also in a conductive substrate such as aluminum foil.  The general shape of 
the collector plate was a square wrapped with aluminum foil.  The fibers deposited on the 
general collector plate [70] as a random mass due to the bending instability of the highly 
charged jet.  When collector plates such as rotating rod and rotating wheel were spun, the 
electrospraying process is called electrospinning (electrospraying + spinning).  The 
rotating collector type [71] and their rotation speed determine the fiber alignment.  Also, 
several split electrodes [72] have been used to fabricate aligned fibers using two 
conductive materials divided by a gap where aligned fibers are deposited (Figure 2.7). 
 
2.3. OVERCOMING THE CURRENT DRAWBACK OF ELECTSPRAYING FOR 
TISSUE REGENERATION IN THIS STUDY 
Electrospraying process is versatile for manufacturing of nano and microsize 
fibers similar to ECM.  However, the big drawback of this process is that the pore size of 
the fibers is too small to allow cells to infiltrate into the pores of the fibers in the 3D 
scaffold.  Thus, the aim of this study is to fabricate new fibers with large and controllable 
pore size by designing an innovative collector plate and the new process.  Using the new 
fibers, the cell attachment on single fibers and other cell behaviors such as cell growing, 
cell colonization on and between the fibers were evaluated.  Finally cell glued three 
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THREE-DIMENSIOMNAL SCAFFOLD OF ELECTROSPRAYED FIBERS 
WITH LARGE PORE SIZE  
FOR TISSUE REGENERATUION 
 
3.1. INTRODUCTION 
The electrospinning technique has recently emerged as a novel technique for 
tissue regeneration because it allows fabrication of nano and micro size fibers, which are 
very similar to the characteristic of a natural extracellular environment.  A major problem 
in electrospinning technology is the lack of generating structural features necessary for 
building three-dimensional (3D) tissues [1, 2].  The pore sizes are less than 10 µm, while 
human cells are typically greater than 10 µm in size [3].  Hence, cell growth is restricted 
to the surface only.  The reduced pore size is primarily due to multiple layers of fibers 





Addressing the cell seeding problem by depositing both the polymer as well as 
cells simultaneously is a recent advancement [4].  However, this approach is not practical 
as cells will be exposed to a) toxic organic solvents used in the process, b) high shear 
rates induced by the flow of fluids through narrow nozzles, and c) sub-optimal 
environmental conditions during manufacturing.  These factors affect cell viability and 
tissue growth.  Due to reduced pore size and restricted cell infiltration, it is not possible to 
regenerate tissues of a thickness suitable for clinical transplantation.   
In this study, I introduce an innovative electrospraying technique with a novel 
collector plate which allows the formation of very thin layers of micro- and nanofibers.  
Due to reduced thickness, pore size (~60 µm) of the formed layers is suitable for 
mammalian cell infiltration.  I performed the fibroblast cell culture of multiple layers 
using layer-by-layer assembly: place one layer of thin fibers, seed cells and repeat.  I 
show the 3D scaffolds of thin layers of electrosprayed fibers in which human fibroblasts 
are growing not only horizontally but also vertically due to large pore sizes of 
electrosprayed fibers.  The implications of the 3D scaffold with layer-by-layer technique 
will expand to other cells, fibers, tissues and organs, and becomes a phenotype of 3D 
scaffolds in tissue regeneration. 
 
3.2. MATERIALS AND METHOD 
3.2.1. Materials  
Polycaprolactone (PCL, Mn=80,000) and Gelatin Type A were purchased from 
Sigma (St, Louis, MO) and PCL (Mw=43,000-50,000) was obtained from Polysciences 
(Warrington, PA). Chloroform, methanol, and acetic acid were purchased from Pharmco 
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(Brookfield, CT).  For cell culture study, Human foreskin fibroblast (HFF-1) was 
obtained from American Type Culture Collection (ATCC, Walkersville, MD). 
Dulbecco’s modified Eagle Medium (DMEM), glucose and amphotericin B were 
obtained from Sigma (St, Louis, MO).  Fetal bovine serum (FBS), Alexa Fluor 546 and 
4',6-diamidino-2-phenylindole (DAPI) were purchased from Invitrogen (Carlsbad, CA).  
TrypLE Express, penicillin-streptomycin, and L-glutamine were obtained from Gibco 
(Grand Island, NY) and sodium bicarbonate was purchased from EMD (Gibbstown, NJ). 
 
3.2.2. Fabrication of the thin layer of electrosprayed fibers   
Electrospraying apparatus consisted of a syringe pump (74900 series, Cole-
Parmer Instrument Company, Vernon Hills, IL), BD 10 mL syringe (Luer-Lok Tip; 
Becton Dickinson and Company, Franklin Lakes, NJ), needle tip, high voltage power 
supply (ES30P-5W/DAM, Gamma high Voltage Research, Ormond Beach, FL), earth 
grounding, and a collector plate (Figure 3.1A).  The novel collector had four holes 
(diameter, 1.9 cm and depth 1.2 cm) in a wooden frame (3 cm × 10 cm × 2 cm) wrapped 






Figure 3.1. Novel electrospray setup.  (A) Schematic representation of conventional 
electrospray setup.  (B) Schematic representation of novel electrospray setup.  (C) 
Photograph of conventional electrospray setup and (D) Photograph of novel electrospray 




The conventional collector plate of the same size as the novel collector without a 
hole was wrapped with aluminum foil. Electrosprayed fibers were fabricated at 40 mL/hr 
and 20 kV.  For micro-sized fibers, 20% (wt/v) PCL (Mw=43,000-50,000) dissolved in a 
mixture solvent of chloroform and methanol (mixing ratio 9 to 1), was sprayed using a 
14G needle.  The distance of the collector plate was 12 cm from the tip of the needle.  For 
nano-sized fibers, 10% (wt/v) PCL dissolved in a mixture solvent of chloroform and 
methanol (mixing ratio 9 to 1) was sprayed using a 26 G needle.  The distance of the 
collector plate was 15 cm from the tip of the needle.  Deposit volume of the solution was 
0.75 mL.  Gelatin fibers were formed using 20% (wt/v) gelatin dissolved in acetic acid 
and distilled water (mixing ratio 7 to 3).  Flow rate, needle size, high voltage supply and 
distance between the needle tip and the collector were 10 ml/hr, 20 G, 10 kV, and 8 cm. 
For simultaneous and sequential deposit, 20 w/v% PCL (Mn=80,000) was 
prepared with a solvent mixture of chloroform and methanol (mixing ratio 9 to 1).  In the 
simultaneous and the sequential processes, fibers were formed in the same condition 
described for gelatin fiber formation using the novel collector. 
 
3.2.3. Microstructure characterization 
Samples were analyzed using JEOL 6360 (Jeol USA Inc., Peabody, MA) at an 
accelerated voltage of 9 to 20 kV similar to our previous publications [5].  In brief, 
samples were attached to an aluminum stub using a conductive graphite glue (Ted Pella 
Inc., Redding, CA) and sputter-coated with gold for 1 minute before SEM study. 
Along with the obtained SEM images, fiber diameters, pore size and shape factors 
of pores (4π×area/perimeter2, when the number is closer to 1, the cell shape is closer to a 
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circle) were quantified using Sigma Scan Pro (SPSS Science, Chicago, IL).  More than 
35 points of fibers and pores were analyzed. 
For simultaneous and sequential deposit, 20 w/v% PCL (Mn=80,000) was 
prepared with a solvent mixture of chloroform and methanol (mixing ratio 9 to 1).  In the 
simultaneous and the sequential processes, fibers were formed the same conditions 
described for gelatin fiber formation using the novel collector. 
 
3.2.4. Mechanical test 
Micro size fibers were fabricated using a collector plate (10 cm × 3.5 cm × 2 cm) 
with a rectangular hole (5 cm × 1 cm × 1 cm) had an additional flat surface area or 
peripheral area of a rectangular hole, resulting in two rectangular holes (one with a flat 
surface and the other without).  Fibers accumulated on the flat surface were used as 
samples for conventional fibers while the fibers collected in the hole were used as 
samples for novel fibers.  Tensile testing was performed at room temperature with dry 
conditions by the method previously described [6].  In brief, 25 mm (width) × 10 mm 
(length) rectangular strips were cut from novel and conventional sample and strained to 














3.2.5. Cell culture 
HFF-1 was cultured in DMEM supplemented with 4 mM L-glutamine, 4.5 g/L 
glucose, 1.5 g/L sodium bicarbonate, 100 U/mL penicillin-streptomycin, 2.5 mg/mL 
amphotericin B, and 15 % FBS.  The cells were maintained in a CO2 incubator at 37 °C.  
The media was changed every 2 days.  Before cell seeding, cells were detached with 2% 
TrypLE Express, centrifuged, and suspended in serum-added media. 
Microsize fibers were fabricated using 20 w/v% of PCL (Mw=43000) in 
chloroform/methanol (ratio 9 to 1) and the novel collector.  Flow rate, needle size, high 
voltage supply and distance between the needle tip and the collector were 10 ml/hr, 20 G, 
10 kV, and 8 cm.  The deposit volume was 0.75 mL.  Fibers on the aluminum frame were 
sterilized using UV light for 4 hours, immersed in ethanol for 4 hours, and rinsed by PBS 
three times.  The thin layers were soaked in 15 % serum added media for 4 hours.  The 
cell culture plates were treated with albumin to minimize cell adhesion to the tissue 
culture plastic surface prior to insertion of a thin layer of fibers (Figure 3.2).  Then, 
30,000 cells in 100 µL were seeded onto 5 points of fibers in a single layer of the 
aluminum frame. 
For three layer cultures, the cell culture in the single layer was repeated three 
times by using  layer-by-layer technique: place one layer of the sample, seed cells on five 
points of the sample and repeat the process of sample loading and cell seeding  two more 
times. Ten minutes after cell-seeding, 2 and 3 mL of media were added into 6 well plates 
for single and three layers, respectively. 
 
3.2.6. Evaluating of cell distribution and organization 
At 1, 4 and 7 days after cell culture; the sample was fixed with 3.7 % 
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formaldehyde, rinsed with PBS, and immersed in ethanol at -20°C.  Then, the sample was 
stained with 2 mL of Alexa phalloidin (0.66 µM) for cytoskeletal actin and 
counterstained with 2 mL of DAPI (30 nmol) for nuclei of cells, respectively [7].  The 
samples were first observed under an inverted fluorescent microscope (Nikon TE2000, 
Melville, NY).  Digital micrographs were collected using a CCD camera.  The data was 
treated using Corel Paint Shop Pro Photo X2 to modulate the brightness, contrast, and 
clarification. 
Also, 3D images of cells on fibers in the single and three layers were collected 
using a confocal microscope (Leica TCS SP II, Heidelberg, Germany).  Image stacks of 
both single and three layers along the z-axis were collected at a step size of 1.282 µm for 
single-layer cultures and 4.271 µm for three-layer cultures.  The observed thickness of 
the z-axis for single and three layers were 30.77 and 89.70 µm, respectively.  At each 
step, the two fluorescent signals of nuclei and skeletal actin and one light signal of fibers 
were collected.  Then, fluorescent and light signals of cells on fibers in the single layer at 
15.36 µm in z-axis were overlapped.  To obtain 3D hologram, fluorescence signals of 
cells at each step were merged in the three-layers.  
Samples were also analyzed using SEM to evaluate the distribution of fibers and 
cells.  For this purpose, samples were dried using ethanol and analyzed similar to the 
fibers described above. 
 
3.2.7. Histology assay 
30 days after cell culture, the samples formed using single and three layers of 
fibers were tailored using a tweezer and scissors.  The aluminum frames of the samples 
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were completely removed.  Random parts of the samples were fixed in 3.7 % 
formaldehyde, dried through an ethanol gradient, and embedded in paraffin.  The samples 




3.3.1. Fabrication of the thin layer of highly porous fibers 
Conventional electrospray setup consists of a syringe pump, syringe and a needle 
of appropriate size, high voltage power supply, earth grounding, and a stationary collector 
plate (Figure 3.1A).  The collector plate is a flat conducting plate where the polymer 
fibers accumulate.  After certain elution volume, the fibers are removed and used in the 
needed application.  To remove the material, larger volumes are deposited which leads to 
fibrous structures with limited pore size.  I questioned whether the fibers could be 
accumulated by creating a hole in the collector plate.  For this purpose, different size 
holes were created in wood, plastic or glass, and wrapped around with a conductive 
aluminum foil (Figure 3.1B), which can be autoclaved when sterilization is necessary.  
The collector plate was designed with the intention of using it as a support structure 
during transport and subsequent handling.  Experiments performed under the same 
conditions as the traditional collector plate showed the presence of fibers in the holed 
area, suggesting the possibility of forming thin layers.  Different shapes such as a circle, 
hexagon and rectangle with varying sizes (up to 10 cm) were tested.  These results 
showed the possibility of obtaining thin layers.  Since the aluminum foil could be simply 
peeled off from the core structure, it is also easy for the thin layer to be handled without 
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mechanical damage from external stress.   
Absence of the continuous conducting medium could alter the electrical field.  
Hence, I questioned how the distribution of fibers would be altered and whether the 
formed fibers would have different architecture.  Similar to other reports, fibers generated 
on the conventional plate showed multiple layers of fibers (Figure 3.3A) under scanning 
electron microscopy.  However, few layers of fibers were observed in the open area of 
the new collector plate, (Figure 3.3B) while multiple layers were observed on the sheet.  
Many fiber morphologies appeared smooth and similar between the two conditions, 
except in case of a large fiber; in the conventional plate (Figure 3.3A), many fibers 
showed pores on their surface.  To test whether nanosize fibers could be obtained using 
the new collector plate, processing parameters were optimized by manipulating the flow 
rate of the solution, the strength of voltage, and the distance between the needle tip and 
the collector.  The conventional collector plate showed multilayered nanofibers (Figure 
3.3C).  Similar nanofibers were collected on the new collector plate with a single layer 






Figure 3.3. Morphology of fibers using novel and conventional collectors.  
Microfibers made of PCL (Mw=43000) with (A) conventional collector and (B) novel 
collector at the same condition.  Nanofibers made of PCL (Mw=43000) with (C) 
conventional collector and (D) novel collector under the same conditions.  (E) Fibers 
made of Gelatin Type A using the novel collector.  (F) Hybrid fibers made of microsize 
PCL (Mn=80000) fibers and naonsize Gelatin Type A fibers in sequential process using 
the novel collector.   
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To test whether the new collector plate is applicable to other polymeric systems, 
forming fibers using naturally derived gelatin was tested.  These results showed that the 
gelatin fibers accumulated similar to the PCL fibers (Figure 3.3E).  Others have also 
used sequential (exchanging the syringes containing two different polymeric solutions in 
sequence) and simultaneous (using two syringes containing two different polymeric 
solutions at the same time) process of electrospraying to deposit two different polymers 
for controlling the micro-architecture [9-12].  To test this possibility, PCL and gelatin 
were deposited sequentially or simultaneously.  These results showed (Figure 3.3F) that 
thin layers of fibers of different polymers can be collected on the novel collector plate. 
To understand the effect of hydration on the fibers, formed fibers were observed 
under light microscopy before and after hydration.  Upon hydration in phosphate buffered 
saline (PBS), the PCL fiber structure remained the same.  However, gelatin fibers 
completely dissolved in PBS as they were not stabilized by any cross-linker.  When 
composite structures were hydrated, PCL fibers still remained intact even after thirty or 
more days.  However, the fibers made of PCL and gelatin were entangled and collapsed 
within 15 minutes because gelatin dissolved in PBS.  Thus, one could easily comprehend 
the alterations in fibrous architecture using these thin layers. 
 
3.3.2. Fiber characterization 
To understand fiber size and pore size, fibers were generated under the same 
condition of solution (concentration of solution) and process parameters (flow rate, 
needle size, distance between the needle tip and the collector, and high voltage supply) 
using the novel and the conventional collector plates.  Quantification of scanning electron 
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micrographs showed that the new collector plate does not affect the fiber size nor the 
shape of the pores in the scaffolds (Figure 3.4A).  Even when nanofibers were formed 
under other conditions, no significant difference was obtained.  Thus, this new collector 
plate can be easily adapted to various other polymers in conjunction with the intended 
application.  Controlling fiber sizes is also possible using appropriate solvents and the 
distance of the collector plate.  This suggests that the technology is versatile and can be 
easily integrated into existing technologies.  The shape factor (Figure 3.4B) of pores 
formed due to random distribution of fibers were similar in both cases.   
Pore size (Figure 3.4C) of the scaffold formed with the new collector plate 
showed significant increase due to the decreased density of fibers deposited in the open 
area.  However, under the same conditions of solution and process parameters, the 
diameter of fibers generated by the novel and conventional fibers were quite similar.  The 
pore size of fiber produced with the novel collector is much greater than those produced 
with the conventional one. 
Collected fibrous structures under the same conditions for the same time were 
tested under tensile loading in the dry state at room temperature.  Load-extension curves 
(Figure 3.4D) showed that the extension of novel fibers was twice as long as that of 
conventional fibers; novel fibers showed 250 % strain where as the conventional fibers 
showed 100% strain.  However, the load carrying capacity of the fibrous structures were 
nearly half that of conventional fibers.  These differences could be attributed to the 
decreased density of fibers in the novel collector plate; due to free space between the 









Figure 3.4. Comparison of fibrous layer characteristics.  (A) Fiber diameters and the 
error bars correspond to the standard deviation (n = 50).  (B) Shape factor and the error 
bars correspond to the standard deviation (n = 50).  (C) Box plot showing the distribution 
of pore size with 10th, 25th, 50th, 75th, and 90th percentiles and the mean value (thick 
line within each box).  Values that were outside 95th and 5th percentiles were treated as 










Figure 3.5. Cell colonization in single and three layers of the fibers.  (A-C) 
Fluorescent micrographs of cells on single layer of fibers.  (D-F) Fluorescent 
micrographs of cells on three layers of fibers.  The samples were stained with Alexa 
phalloidin for cytoskeletal actin (red) and counterstained with DAPI for nuclei (blue) of 






3.3.3. Developing 3D colonized cells   
To test whether cells can be cultured on these thin layers, formed porous 
structures along with the aluminum foil were inserted onto albumin-coated (to minimize 
cell adhesion to the tissue culture plastic) seeded with HFF-1 cells.  For evaluating layer-
by-layer assembly, the process of inserting the thin layer and seeding cells was done three 
times (Figure 3.2).  Entire assembly was cultured for 7 days in serum containing medium 
with the routine monitored by light microscopy.  An increase in the number of cells was 
observed on fibers in single and three layers.  Further, many cells in both single and three 
layers appeared in clusters at the initial time point, but showed spreading and a spindle 
shape.  By day 7, a number of pores were covered with the regenerated components.  To 
assess the cellular components, they were stained for cytoskeletal actin and 
counterstained for nucleus using DAPI.  To avoid background fluorescent signal 
pollution from cells on the surface of the cell culture dish, the samples were moved into 
new dishes after staining and washing.  Fluorescent images (Figure 3.5) in single or three 
layers showed a qualitative improvement in the cells up to 7 days.  Moreover, cells were 
individually distributed and surrounded by matrix elements, suggesting that the cells are 
functional.  In addition, some cells were focused in the plane of view and others were 





To better understand the distribution of cells in three-dimensions, confocal 
microscopic analysis was performed using a step size of 1.2821 µm.  Reconstructed 
confocal images of three layers showed the presence of cells in every layer in 89.7 µm 
thickness of three layer culture (Figure 3.6).  In a single layer culture, more cells 
appeared as they are distributed in a narrow thickness.  To assess the distribution of cells 
in relation to fibers, light microscopy image on the same plane was overlayed with 
fluorescent images.  An obtained micrograph showed that cells were surrounded by fibers 
and attached to the fibers, particularly in pores which were not too large relative to the 
size of cells.  Note that Figure 3.6H is a 3D image which can be better visualized using a 
3D-spectacle.  This suggested that cells are distributed continously in three-dimensions.   
Samples were also evaluated using SEM to understand distribution of cells within 
the fibers.  These results revealed (Figure 3.7A) that the cells on all fibers attached to the 
fibers and were entangled by the fibers.  Cells attached and spread throughout the matrix.  
In some locations, cells showed numerous lamellapodia and filapodia with anchorage 
points to the fibers (Figure 3.7B), probably via the adhesion of serum proteins to the 
polymeric matrix.  However, in many locations individual cells could not be be 
identified, probably due to the presence of secreted matrix elements.  Cells grew through 
fibers and the thickness of fibers increased.  Cell clusters were observed both vertically 
and horizontally, covering several fibers.  This suggests that cells grew due to a thin layer 










Figure 3.6. Cell distribution on different heights of the fibrous assembly at day 7.  
(A-C) The nuclei of cells on fibers at different heights in single layer.  (D) Overlayed 
image of fluorescence and light signals from cells and electrosprayed fibers in the single 
layer at 15.36 µm. (E-G) The nuclei of cells on fibers at different heights in the three 
layers.  (E) Compilation of images in different planes showing distribution of cells in 


















Figure 3.8. Cell glued 3D scaffolds.  (A) Three layers of fibers after cell culture of 7 
days (B) Collapsing three layers while cutting after cell culture for 7 days (C) Cell glued 
three layers of fibers after cell culture of 30 days (D) Tailoring tissue-like materials after 
cell culture of 30 days. (E-F)  Cell morphology after cell culture for 30 days using top 
area and cross section of three layers stained with H & E for nuclei (red) and cytoplasm 




3.3.4. Cell-glued 3D scaffold  
To confirm whether three layers of fibers were attached after a 7 day cell culture, 
the sample was lifted by a tweezer but the bottom layer of the sample was detached from 
the sample (Figure 3.8A).  Moreover, the sample disappeared while cutting with scissors 
because the complexity of the fibers and cells was still weak mainly due to the fragile 
structure of fibers (Figure 3.8B).  When cell cultures were continued up to 30 days, three 
layers merged into a single structure, probably due to the regeneration of matrix elements 
and cell growth (Figure 3.8C).  Moreover, the shape of the 3D scaffold was stable and 
tailorable without the deformation of the scaffold while and after the scaffold was cut by 
scissors (Figure 3.8D). 
The samples were cut into small random pieces for further analyses by SEM and 
histology.  The dry thickness of the 3-layered assembly was 280 µm using SEM (not 
shown here).  Clustered cells existed on the top and side of the 3D scaffold.  HFF-1 cells 
were distributed throughout the scaffold not only vertically but also horizontally and this 
distribution supports the complex structure of cells and fibers without any mechanical 
damage even after cutting into the small pieces for H & E staining (Figure 3.8E and 
3.8F).  Cells grew on the surface of fibers.  HFF-1s wrapped around a single fiber and 
elongated along the fiber. These cells attached to adjacent cells growing on another 
nearby fiber not only vertically but also horizontally.  The cells were distributed 
throughout in all dimensions of the scaffold without any distinguishable layers between 
cells and fibers.  This complex structure of fibers and cells in three layers glued three 
layers into one 3D scaffold after 30 days, to tailor the shape of the scaffold, and to cut 
into small pieces without any mechanical damage.  Thus, the cells glued 3D scaffold was 
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fabricated using the thin layer of PCL fibers, and HFF-1 in 15 % serum added media after 




Biodegradable scaffolds are used to support and guide the in-growth of cells and 
the scaffolding material eventually disappears leaving only the necessary healthy tissue in 
a topologically required form.  This study demonstrated the possibility of i) developing 
very thin layers of fibers from different polymers, ii) handling them in tissue culture 
conditions, and iii) building multiple layers of cells and fibers.  Cells attach and distribute 
in 3D synthetic polymer PCL.  Since the technology is simple, the novel collector could 
be associated with existing techniques of electrospinning for a number of other 
biomaterials.  The thin layer of electrosprayed fibers is easy to handle without mechanical 
damage due to the support of an aluminum frame.  Even when fibers were handled for the 
morphology study, the polymeric structures of the fibers remained intact, suggesting their 
ability to endure outside stress.  Without directly grabbing the fragile fibers, the 
aluminum foil provides a hard frame for the thin layers of the fibers to be picked up with 
tweezers and preventing the fibers from being destroyed. 
The pore size of fibers produced with the new collector plate are larger than those 
produced with conventional collectors due to the decreased density of fibers.  However, 
the diameter of fibers under the same conditions are similar and can be manipulated by 
controlling solution (concentration of polymer solutions, solvent) and process parameters 
(flow rate, needle tip, distance between tip and collector, and high voltage supply).  Thus, 
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the larger pore size of fibers were generated while the diameter of fibers were controlled 
by using the collector.  In other words, the innovative technique of the collector is easy to 
combine with the existing technology of electropraying or electrospinning.   
This study opens a new window of opportunity to understand a number of cellular 
interactions in 3D environment, mimicking physiological conditions.  For example, a 
single layer can be visualized in a regular light microscope and the presence of fibers 
creates a rough architecture similar to a physiological environment.  Thus, a single layer 
can also be used in cell culture to study the interactions in single cells in 3D space.  
Traditional tissue culture conditions can be converted into 3D cultures without significant 
effort.  Thin layers can be placed serially to develop thick 3D structures by adapting 
layer-by-layer assembly.  One could build tissues to the required thickness layer-by-layer. 
SEM images of cells cultured on fibrous scaffolds fabricated using 
electrospinning showed that the cells can grow and proliferate within the fibrous scaffold.  
The cells were growing on fibers and were intertwined with the fibers.  The novel 
collector overcame barriers of electrosprayed and electrospun fibers.  The majority of 
fibers made by the existing technology showed that the pore sizes between the fibers 
were not proper for cells to infiltrate into the pore between and among fibers.  It was 
demonstrated that HFF-1 cells grew and proliferated when cultured onto scaffolds made 
of thin layers of fibers fabricated by electrospraying using a novel collector.  In addition, 
the single layer of electrospun fibers was expanded up to three layers.  Further, the layer-
by-layer assembly also helps solve problems associated with the uniform seeding of cells 
into the porous structure, typically observed in many scaffolds synthesized by subtractive 
techniques such as porogen-leaching and freeze drying.  Moreover, cells in the 3D 
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scaffold grew and became distributed throughout the sample, not only horizontally but 
also vertically, suggesting that diffusion of media was sufficient for cells to functionalize 
in the three layers.  Thus, two core techniques of a thin layer of electrosprayed fibers with 
large pore sizes and layer-by-layer assembly, are a synergistic effect on overcoming 
current barriers such as thicker tissue regeneration. 
In this study, PCL was used to demonstrate the concept of cell colonization on 
thin layers, which does not have a cell binding domain.  Much of the cell adhesion is due 
to the interaction with the serum proteins, as cells were cultured in 15% serum containing 
media.  To better understand the cellular interactions with fibers, changes in adsorption of 
serum protein needs to be measured [13].  The cell glued 3D scaffolds demonstrated that 
cells in three layers were functional and well distributed in the sample.  However, a 
thicker 3D scaffold study using four or more layers needs to clarify the limitation of 
media diffusion.  When the limitation becomes clear, a new reactor design needs to allow 
cells to functionalize in thicker 3D scaffolds.  Not only that, analysis of cellular activity 
needs to be extended to include other types and functionality; assembly and maturation of 
matrix elements in tissue regeneration plays a significant role in determining the 
biomechanics and the quality of the regenerated tissue.  In addition, evaluating alteration 
in cellular activity after immobilizing proteins containing cell adhesion domains could 
provide more information on the importance of fiber thickness and roughness.  Recent 
advances in tissue regeneration, 3D matrix physical properties such as hydrophilicity, 
stiffness [14], porosity [15], pore size and void fraction can affect cell morphology, 
attachment and function.  Also, cellular activity is influenced by scaffold stiffness [16-
18].  Cells show reduced spreading and disassembly of actin even when soluble adhesive 
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ligands are present in weak gels [19-20].  Maximum tractional force generated by a cell 
could be as much as 10-15 % of substrate modulus [19].  Further, the rigidity of the 
scaffolds may affect the formation of ECM which can affect cellular activity [21].  Bulk 
tensile properties were evaluated.  However, to understand the influence of scaffold 
stiffness, properties of individual fibers need to be analyzed using techniques such as 
nanoindentation.  In addition, the influence of fiber curvature on cell colonization also 
needs to be analyzed. 
This study focused on using thin layers of electrosprayed fibers in tissue 
regeneration.  This technique could also be used in numerous other applications such as 
chemical and biochemical protection in defense and security, solar cells and fuel cells in 




In summary, the novel collector plate allows the formation of thin layers of 
electrosprayed fibers with large pore sizes.  The thin layer of electrosprayed fibers can be 
easily handled without mechanical damage because of the supporting structure.  This 
collector is also versatile enough to be associated with existing techniques of 
electrospinning to manipulate mechanical and biological properties of novel fibers.  This 
methodology overcame the major barrier of the electrospinning technique and its 
application for tissue regeneration.  The novel fibers allow a single cell study on single 
fibers in a single layer, and in multilayer by using a layer-by-layer technique.  
Furthermore, Cell glued 3D scaffold of the thin layer of electrosprayed fibers with large 
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pore sizes will expand its implications on other cells, fibers, tissues and organs. 
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REGULATING PORE SIZE IN NANOFIBROUS SCAFFOLDS:  
EFFECT ON CELLULAR SHAPE 
 
4.1. INTRODUCTION 
Cell-matrix interactions are essential to many biological phenomena in medical 
science and engineering.  For example, the medical device-tissue response affects the 
performance of implantable devices.  Also, cell-matrix interactions are important for 
design of scaffold in tissue engineering [1-6].  The cell response to various topographical 
features such as grooves, ridges, stops, pores, wells and nodes in micro- or nanoscale 
have been studied in various cells such as fibroblasts, neuronal cells, macrophages, 
epithelial cells, endothelial cells, smooth muscle cells and stem cells [7].  Cellular 
responses to these topographies vary from cell attachment and migration to production of 
new tissue and differentiation.  These cell-substrate interactions have been studied in 
micron range but the recent researches have reported that mammalian cells do respond to 
nanoscale features [8].  However, in vitro single cell responses to 3D nanofiber 
mimicking in vivo extracellular environment has not yet been understood due to the 
technological limitations of forming 3D structures [9-10]. 
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Electrospinning has recently emerged as a technique for tissue regeneration due to 
the possibility of fabricating nano and microfibers mimicking in vivo condition.  
However, reduced pore size of electrosprayed fibers restricts mammalian cells from 
infiltrating into the sub-layers and accessing the 3D space [11-17].  To overcome this 
barrier, I developed a novel electrospraying process for use in tissue regeneration, as 
described in the previous chapter [18].  New technology allowed formation of nanofibers 
with pore sizes suitable for mammalian cells to infiltrate the 3D scaffold.  Thirty day cell 
culture study confirmed that human fibroblasts in serum containing media on a synthetic 
biomaterial, polycaprolactone (PCL) colonized multiple layers of fibers, merging into one 
stable 3D scaffold [18].  However, for understanding the cellular interactions on single 
fibers, one has to mimic in vivo extracellular environment.  For this purpose, forming 
fibers with controllable pore size and with substrates containing cell binding is necessary.  
Further, cells have to be cultured in a medium that does not contain animal derived serum 
[19].  Due to biodegradability, non-toxicity, and biocompatibility of PCL under the 
physiological conditions, PCL has been applied to fabrication of many medical devices 
[20-21], or scaffolds for tissue regeneration of in vivo [22] and in vitro [22-23] cell 
culture using serum added media mainly because of the lack of cell binding domain such 
as RGD in PCL scaffold.  To improve physiological properties of scaffolds, natural 
polymers such as collagen [24], or gelatin (denatured collagen) [25] are blended.  Cross 
linking natural polymers to synthetic polymers using bifunctional compounds such as 
glutaraldehyde has also been used to address the instability issues.  Since cross linkers 
cause toxicity, common solvents such as Hexafluoro-2-propanol (HFP) have been used to 
dissolve PCL and gelatin together.  Fibers have been formed using conventional 
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electrospinning without any cross linkage [26] and then fibers have been analyzed by 
Fourier transform infrared spectroscopy (FTIR) [26] and differential scanning 
calorimetry (DSC) [27].  However, these conventional analyses were similar to PCL and 
gelatin in two dimensional samples, without showing any detail in single fibers.   
In this study, I address the influence of the shape change of the void in the new 
collector plate and the fabrication of innovative electrosprayed fibers with controllable 
pore size by manipulating the diameter of the void in the new collector plate and the 
deposit volume of polymer solution of PCL and gelatin with the new collector plate.  
Distribution and stability of gelatin on single PCL/gelatin fibers was studied in two-week 
incubation under physiological condition study using a molecular probe or 
carboxyfluorescein diacetate-succinimidyl ester (CFDA-SE).  Interaction of cells on 
single electrosprayed fibers was studied up to 24 hr.  These results show that the cell 
shape is determined by where the cells attach on the 3D nanofibers.   
 
4.2. MATERIALS AND METHOD 
4.2.1. Materials  
Polycaprolactone (PCL, Mn=80,000), gelatin type A, and hexafluoro-2-propanol 
(HFP) were purchased from Sigma-Aldrich (St. Louis, MO).  For cell culture study, 
Human foreskin fibroblast (HFF-1) was obtained from American Type Culture Collection 
(ATCC, Walkersville, MD).  Fibroblast growth media (FGM), L-Glutamine, Insulin, and 
human fibroblast growth Factor were obtained from Lonza (Walkersville, MD). TrypLE 
Express was purchased from Gibco (Grand Island, NY) and CFDA-SE was obtained 
from Invitrogen (Carlsbad, CA). 
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4.2.2. Fabrication of electrosprayed fiber with different collector plate 
Electrospraying apparatus consisted of a syringe pump (74900 series, Cole-
Parmer Instrument Company, Vernon Hills, IL), BD 10 mL syringe (Luer-Lok Tip; 
Becton Dickinson and Company, Franklin Lakes, NJ), needle tip, high voltage power 
supply (ES30P-5W/DAM, Gamma high Voltage Research, Ormond Beach, FL), earth 
grounding, and different shape and size of collector plate.  The condition of fabrication 
was different for different studies (Table 4.1).   
 
4.2.3. Shape and size effect of the void in the collector plate 
For shape effect study, 22 w/v % PCL was dissolved in a mixture solvent of 
chloroform and methanol (mixing ratio 9 to 1).  Flow rate, needle size, high voltage 
supply and distance between the needle tip and the collector were 10 mL/hr, 20 G, 10 kV, 
and 9 cm with the novel collector plate.  Shapes of the void in the collector plate were 
circle (diameter, 1.5 cm) and triangle (the length of each side, 1.5 cm) in a wooden frame 
(3 cm × 10 cm × 2 cm), and rectangle (the size of rectangle, 5 cm x 1 cm) in a wooden 
frame (3.5 cm ×10 cm × 2 cm) and the depth of all the voids was 1.2 cm. 
The polymer solution with concentration of 10 wt/v % was prepared by dissolving 
PCL in HFP and stirred for 24 hr at room temperature.  Flow rate, needle size, high 
voltage supply and distance between the needle tip and the collector were 2 µL/hr, 24 G, 
12 kV, and 9 cm with the novel collector plate (diameter, 0.9, 1.4, or 1.9 cm and depth 
1.2 cm) in a wooden frame (3 cm × 10 cm × 2 cm) wrapped with aluminum foil to the 















Effect of different 
shape of the void 
in the new 
collector plate 
PCL 22 % CF/MeOH 
(ratio 9:1) 
10 ml/hr 20 G 10 kV 9 cm 
Effect of different 
size of void in the 
new collector 
plate 
PCL 10 % HFP 2 µL/hr 24 G 12 kV 9 cm 
Effect of the 










4.2.4. Deposit volume effect of electrosprayed PCL/gelatin fibers 
The polymer solution with concentration of 10 wt/v % was prepared by dissolving 
PCL and gelatin with a weight ratio of 70:30 in HFP and stirred for 24 hr at room 
temperature.  The solution was electrosprayed from a 10 mL syringe with a needle gauge 
of 24 G and mass flow rate of 1 µL/hr.  A high voltage of 13 kV was applied to the 
needle tip using high voltage power supply when solution was ejected using a syringe 
pump.  The distance between the needle tip and collector plate was 8 cm.  For the 
collection of conventional fibers, a conventional collector plate (3 cm × 10 cm × 2 cm) 
wrapped with aluminum foil was used, whereas, the novel collector, with four holes 
(diameter, 1.9 cm and depth 1.2 cm) a wooden frame (3 cm × 10 cm × 2 cm) wrapped 
with aluminum foil, was used for collecting novel fibers or electrosprayed fibers with 
controllable large pore sizes.  The deposit volumes were 0.3, 0.6 or 0.9 µL for both 
conventional and novel fibers. 
 
4.2.5. Microstructure characterization 
Samples were analyzed using JEOL 6360 (Jeol USA Inc., Peabody, MA) at an 
accelerated voltage of 9 to 30 kV similar to our previous publications [28].  In brief, 
samples were attached to an aluminum stub using a conductive graphite glue (Ted Pella 
Inc., Redding, CA) and sputter-coated with gold for 40 seconds before SEM analysis.  
Using the digital micrographs, fiber diameters, pore sizes and shape factors of pores 
(4π×area/perimeter2) were quantified using Sigma Scan Pro (SPSS Science, Chicago, IL).  




4.2.6. Gelatin distribution test on single fibers using CFDA-SE 
Two electrosprayed fibers made of 10 wt/v % PCL/gelatin 70:30 or 10 wt/v % 
PCL were fabricated using HFP after 24 hr dissolving.  Both fibers were soaked into 
Krebs Henseleit Buffer solution (pH 7.4).  CFDA-SE was added into the solution and 
incubated for 30 min at 37°C.  The samples were analyzed using inverted microscope 
(Nikon TE2000, Melville, NY).   
 
4.2.7. Stability test of PCL/gelatin fiber 
PCL/gelatin electrosprayed fibers on aluminum frame were fabricated using 10% 
PCL/gelatin 70:30 solution dissolved for 1 day.  The fibers were placed in 6-well plate 
containing 5 ml of Krebs Henseleit buffer solution (pH 7.4) in each well and were 
incubated in 5 % CO2 incubator at 37 °C for 3 and 14 days.  After each degradation time, 
the samples were stained with CFDA-SE at 37 °C for 30 min and observed using an 
inverted light and fluorescent microscope. 
 
4.2.8. Cell culture study 
New fibers on aluminum frame (deposit volume 0.6 µL) were used for cell 
adhesion test.  The samples were exposed to UV radiation for 2 hr and washed with PBS 
for 20 min.  Each sample was placed onto 6 well plates treated by albumin.  Before cell 
seeding, HFF-1 cells were stained using CFDA-SE and 30,000 cells in 100 µL were 
seeded onto 5 points of each samples.  The cells on the samples were cultured in 5 % CO2 
incubator at 37 °C using 2ml FGM media supplemented with L-glutamine, insulin and 
human fibroblast growth factor for 3, 8, and 24 hr.  Cells cultured on tissue culture plastic 
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surface for an extended period of time were used as a control while assessing surface area 
and shape factor. 
 
4.2.9. Cell morphology study 
The samples were fixed using 3.7 % formaldehyde and then single cells were first 
observed under an inverted light and fluorescent microscope (Nikon TE2000, Melville, 
NY).  Digital micrographs were collected using CCD camera.  The shape and area of 
cells on the samples were quantified using Sigma Scan Pro.  More than 50 cells were 
analyzed.  Also, the images of single cells were collected using a confocal microscope 
(Leica TCS SP II, Heidelberg, Germany).  In addition, the samples were dried using 
ethanol, sputtered using gold, and analyzed using SEM. 
 
4.2.10. Statistical analysis 
Statistical analysis was carried out using single-factor analysis of variance 
(ANOVA).  A value of p ≤ 0.05 was considered statistically significant. 
 
4.3. RESULTS 
4.3.1. Effect of shape of the void in the collector plate 
It is well understood that pore size within the scaffold influences cellular activity.  
The pore diameter must be controllable for cells to infiltrate into the pore and attach to 
the fibers in 3D scaffold.  Also, scaffold pore size and shape are important to the 
distribution of ligands presented to cells [29].  To understand how pore size is affected, I 
tested collector plates with three different shapes of the void.  Analysis of distribution of 
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fibers showed (Figure 4.1) that the pattern of the distribution depends on the shape of the 
void region.  For the circular void in the collector plate, the fibers were randomly 
deposited throughout the entire void of the collector plate (Figure 4.1A, 4.1D, and 4.1G).  
For the triangular void, the fibers aligned perpendicular to the bisector of the vertices at 
the edge of the vertices.  However, the fibers at the middle of the void were randomly 
deposited unlike the fiber at the vertices (Figure 4.1B, 4.1E, and 4.1H).  For the 
rectangular void, the fibers aligned from one short side to the other side perpendicular to 
the long sides of the rectangle in large scale.  However, the fibers were randomly 
deposited in the entire void when 22 w/v% PCL solution in the mixture of chloroform 
and methanol (9:1) was used (Figure 4.1C, 4.1F, and 4.1I).  I then evaluated the patterns 
of the fibers in the aluminum frame (electrodes) of the new fibers.  Unlike the distribution 
in the voids, the density of the fibers was high in the aluminum frame and they were 
deposited randomly on the aluminum frame (Figure 4.1D, 4.1E, and 4.1F).   
I also tested the pattern of PCL nanofibers under the different conditions by 
manipulating process parameters (voltage, distance between the needle tip and the new 
collector plates, and injection rate).  Furthermore, I used different polymers such as 
different molecular weight of PCL, natural polymer (gelatin), and the mixture of PCL and 
gelatin.  The fibers on the voids and on the aluminum frame of the new collector plate 
were randomly oriented in the same pattern, suggesting that the fiber orientation was 
independent of the diameter of the circular void and the polymer composition.  Likewise, 
the size and the morphology of the single fibers was not affected by the geometrical 
patterns of the voids in the collector plate.  Solution and process parameters of 





Figure 4.1. Schematics of the different shapes of the void in the collector plates and 
polymeric structure of electrosprayed fibers.  The polymeric structure of the fibers 
with (A) circular, (B) triangular and (C) rectangular shape of the void in the new 
collector plate. (D-I) scanning electron micrographs of electrosprayed nanofibers made of 







Figure 4.2. Schematics of the void size and polymeric structure of electrosprayed 
fibers.  (A-C) The Schematic of the void size in the new collector plates and (D-F) 
scanning electron micrographs of electrosprayed nanofibers made of PCL in HFP 
increasing the void size of the collector plate from 0.9 via 1.4 to 1.9 cm.  Inset in (D-F) 
are micrographs with low magnification showing pore size distribution.  (G) Fiber 
diameters.  (H) Shape factor.  (I) Pore size.  The error bars correspond to the standard 




4.3.2. Effect of different sizes of the void in the collector plate. 
I tested the effect of the void sizes in collector plate on the pore size of formed 
structures (Figure 4.2).  When the void size was increased from 0.9 cm via 1.4 cm to 1.9 
cm (Figure 4.2A-4.2C), the fiber diameter and shape factors of the pores in structures 
(Figure 4.2D-4.2F) did not change, however, the pore sizes increased (Figure 4.2D-
4.2F).  To better understand the effect of void size on pore size, micrographs were 
quantified for fiber diameters, shape factors, and pore sizes of the fibers, and standard 
deviations Figure 4.2G-4.2I.  The fiber diameters made of PCL in HFP were estimated 
to about 400 nm and the shape factors of the pores in structures were about 0.50 when the 
void size increased from 0.9 via 1.4 to 1.9 cm.  However, the average pore sizes of the 
fibers were increased from 14.71, 22.83, and 57.77 µm, respectively while increasing the 
void size from 0.9, via 1.4 and 1.9 cm, respectively; these pore sizes in the structures 
were statistically significant.  Also, the pore size distribution increased when the void 
size increased since fewer layers of fibers deposited in the void of the new collector plate.   
 
4.3.3. Effect of deposition volume on pore size. 
The pore size is also controllable by manipulating the deposit volume of the 
polymer solution.  This process is simple since the pore sizes are controllable in the same 
size and shape of the void of the collector plates, reducing the effort to prepare different 
collector plates with different sizes and shapes of voids.  Further, it is convenient to 
perform cell culture under the same surface area i.e., with the same void size but with 
different pore size.  The fibers generated by the conventional collector plate without any 
void (Figure 4.3) showed multiple layers of fibers similar to other reports [11].  Even as 
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increasing deposit volume from 0.3 via 0.6 to 0.9 µL, physical properties (shape factors, 
fiber diameters, and pore sizes of fibers) of the conventional fibers appear similar to each 
other (Figure 4.3D-4.3E).  The diameter of fibers and shape factor of pores fabricated by 
the new collector plate appear similar to those of conventional ones.  However, the pore 
sizes of the structures decreased with increase in deposit volume of the PCL/gelatin 
solution (Figure 4.3A-4.3C).  To better understand the effect, micrographs (Figure 4.3A 
to 4.3F) were assessed for fiber diameters, pore shape factors, pore size distributions in 
the structures (Figure 4.3G-4.3I).  For both conventional and new collector plates, the 
average fiber diameters were 700 nm and the shape factors of the pores were 0.55.  Also, 
the pore sizes of all structures formed using conventional collector plates were similar 
(~5 µm).  However, the pore sizes of structures formed using the collector plates were 
significantly different when the deposit volumes were changed.  As the deposit volume 
increased from 0.3 via 0.6 to 0.9 µL, the average pore sizes decreased from 339, 129, and 
51µm, respectively; these pore sizes of the new fibers were statistically significant.  Also, 
the distribution of the pore sizes reduced with the increase in deposit volumes.  Since 
multiple layers of fibers deposited among the void of the new collector plate when the 
deposit volumes were increased, the pore sizes decreased.  Required optimum pore size 
for many cells in 3D scaffold is reported to be between 50 µm and 150 µm [30-33].  
Thus, the structures with 129 µm average pore size (Figure 4.3B) were used for further 






Figure 4.3. Polymeric structure of electrosprayed fibers with different deposit 
volume.  Scanning electron micrographs of (A-C) novel and (D-F) conventional 
electrosprayed nanofibers made of PCL/gelatin 70:30 increasing the deposit volume of 
the PCL/gelatin solution from 0.3 via 0.6 to 0.9 µL.  Inset in (A-C) are micrographs with 
low magnification showing pore size distribution.  (G) Fiber diameters.  (H) Shape factor.  










Figure 4.4. Distribution of gelatin in the fiber. Novel fibers made of PCL/gelatin 70:30 
(A and D) before and (B and E) after CFDA-SE staining.  (C and F) Novel fibers made 
of PCL after CFDA-SE staining.  The images (Figure A-C, and Figure D-F) were 









Figure 4.5. Stability of gelatin in the nanofibers.  The images of PCL/gelatin 70:30 
fibers after incubation under the physiological conditions after staining CFDA at day (A) 
3 and (B) 14.    
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4.3.4. Gelatin distribution on PCL/gelatin fibers after CFDA-SE staining.   
Fibers have been formed using conventional electrospinning without any cross 
linkage and presence of both polymers have been confirmed by Fourier Transform 
Infrared Spectroscopy (FTIR) [26] and differential scanning calorimetry (DSC) [27].  
However, conventional analyses methods such as FTIR and thermograms do not show 
the local distribution of gelatin within nanofibers [26-27].  To understand in situ 
distribution of gelatin in single nanofibers, it was stained with a fluorescent marker, 
CFDA-SE; the amino groups in gelatin covalently bond with activated CFDA in CFDA-
SE.  Light microscope images show the fibers made of PCL/gelatin before or after 
CFDA-SE staining (Figure 4.4A and 4.4B) and the fiber made of PCL after CFDA-SE 
staining (Figure 4.4C).  All the fibers were observable under a light microscope.  
However, only the fibers made of PCL/gelatin were detected in fluorescent microscope 
after CFDA-SE staining (Figure 4.4E).  The green fiber architecture exactly matched the 
grey fiber of PCL/gelatin fibers, suggesting that gelatin was uniformly distributed in 
single fibers made of PCL/gelatin (Figure 4.4B and 4.4E).  However, the PCL/gelatin 
fibers before CFDA-SE staining were not observed under fluorescent microscope due to 
the absence of CFDA-SE staining (Figure 4.4D).  Also, PCL fibers were not detected 
even after CFDA-SE staining because PCL lacks amino groups in the structure (Figure 
4.4F). 
 
4.3.5. Stability of PCL/gelatin fiber containing electrosprayed fibers.   
Understanding the stability of the blended PCL-gelatin fibers in physiological 
conditions is critical for further use in single cell study and tissue regeneration.  
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Polymeric blends could be unstable under physiological conditions in which protein may 
dissolve prematurely to form gel or polypeptide may degrade resulting in loss of 
biological activity.  The fibers were kept in Krebs Henseleit buffer solution (pH 7.4) in a 
CO2 incubator at 37°C for 2 weeks.  After two weeks of incubation, the PCL/gelatin 
fibers were stable and showed the presence of both components.  Compared to Figure 
4.4E, the green fibers at day 3 (Figure 4.5A) and 14 (Figure 4.5B) were moderately 
dispersed, suggesting some preferential swelling of gelatin in PCL/gelatin fibers.  
However, the fibers on the aluminum frame were still stable.  Entire set could be handled 
without any mechanical damage (Figure 4.5A and Figure 4.5B). 
 
4.3.6. Cell - electrosprayed nanofiber interaction.   
The PCL/gelatin fiber with average pore size (129 µm) was used for in vitro cell 
culture study in serum free media.  The nanofibers made of PCL/gelatin 70:30 after 1 day 
dissolving in HFP were utilized as they met necessary requirements (described above) for 
cell behavior study.  The cell behavior was studied for up to 24 hr, mainly to avoid 
indirect effects due to de novo deposited matrix elements.  The cell morphology using 
inverted light and fluorescent microscope on single fiber after 3, 8 and 24 hr of cell 
seeding in serum free media showed that the cell shapes on fibers depend on cell location, 
unlike unique spindle shape on tissue culture plastic surface.  Since intracellular CFDA-
SE fluorescence was detectable in these cells suggests they are viable.  SEM images and 
confocal microscopy images showed the different single cell morphologies dependent on 
the distribution of fibers.  When the cell attached on the single fiber, the shape of cell 
appeared elliptical (Figure 4.6A, 4.6D, and 4.6G), with cells hugging the fiber all 
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around.  Even though the cell size was at least 30 times bigger than that of the fiber size, 
single cell attached to the single nanofiber and hugged around the 3D nanofiber; the 
diameter of a single cell was more than 20 µm when it was suspended in media but the 
diameter of single fiber was about 700 nm.  The cell shape was triangular when the cell 
attached nearby the intersection of two fibers (Figure 4.6B, 4.6E, and 4.6H).  Cells 
attached from corners of the fiber intersection to among two fibers were triangular.  Also, 
the cell shape was quadrangular when the cell attached on the intersection of two single 
fibers (Figure 4.6C, 4.6F, and 4.6I).  The single cell on the intersection elongated out 
toward the four directions of the two single fibers.   
Using the micrographs, cell shapes and spread were quantified.  The cell 
morphology did not change significantly when tested after 24 hr cell culture.  Thus, in 
vitro single cell attachment on 3D nanofibers is dependent on the configuration of fibers, 
not the period of in vitro cell culture within 24 hr.  Compared to the shape factor (~0.25) 
and cell area (~5000 µm2) on tissue culture plates (TCP), the cell area on the 3D 
electrosprayed fibers were similar.  On the other hand, the cell shapes on the 3D scaffold 
were broad ranging from 0.2 to 0.8.  These changes in shape were primarily due to the 3D 
configuration of fibers where cells attached.  To understand any correlation between 
shape factor changes to cell surface area, shape factor was divided into three groups after 
3 hr incubation: i) <0.4, ii) 0.4- 0.6 and iii) >0.6 (Figure 4.6J).  Cell surface areas 
corresponding to those three groups were plotted and there was no correlation between 




Figure 4.6. Cell morphology on single fibers.  (A-C) Schematics of cell shape on 
different configuration of single fibers.  (D-F) Scanning electron micrographs of single 
cells on fibers in thin layer of electrosprayed fibers. (G-I) Confocal fluorescent 
micrographs of single cells on fibers in thin layer of electrosprayed fibers (scale bar 
corresponds to 100 µm).  Box plot showing the distribution of (J) shape factor and (K) 
area of single cell attached in single fibers with 10th, 25th, 50th, 75th, and 90th percentiles 
and the mean value (blue thick line within each box).  Values that were outside 95th and 
5th percentiles were treated as outliers (n = 50).  TCP stands for traditional 2D culture 




This study addressed the primary drawback of electrospraying technology of 
small pore size, inhibiting access to 3D space throughout the entire fibrous structure.  
Accessing the entire 3D porous space is critical to various applications to determine the 
successful implementation of the technology.  In particular, pore size plays a significant 
role in cell colonization because pore size affects cell binding, migration, depth of 
cellular in-growth, cell morphology and phenotypic expression [34].  Many mature cell 
types including fibroblasts are unable to completely colonize scaffolds with the pore sizes 
>300 µm due to the difficulty in bridging large distances [33, 35-38].  An “optimum pore 
size range” for supporting cell in-growth for a majority of the mature cell types (except 
osteoblasts and osteocytes) is in the range of 50 -150 µm [33].   
I studied the effect of size and shape of the void in the new collector plate.  The 
pore size increased when the void size was decreased.  The fibers aligned when deposited 
at the edge of the triangular void in the collector plate.  These trends are similar to the 
fiber patterns in gold/quartz collector plates [39].  The diameter of the single fiber was 
the same since the fiber size is dependent on the solution and process parameters, 
independent of the geometrical patterns of the new collector plates.  When insulated area 
(such as void in quartz) is introduced into the collector plate, the insulated area changes 
the structure of the electric field, resulting in geometrical change of the fiber patterns [39-
40].  When a specific shape of the insulated void is introduced into a conductive collector 
plate, the distribution of the electric field is more complex [39] like the circular void, 
suggesting the need for further studies dealing with the electrofields in the void of the 
collector plate.  The geometric patterns of the voids partially affect the alignment of the 
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fibers (the vertices of the triangular void).  In general; the size and shape of the voids in 
the collector plates allow the randomly oriented fibers in the void and the density of the 
fibers on a void is lower than on the aluminum frame. 
The fiber sizes are dependent on the solution and process parameters of 
electrospraying, as demonstrated in a number of studies.  Thus, it was easy to control the 
fiber sizes by i) manipulating process parameter and ii) selecting appropriate polymer-
solvent system.  I generated fibers with controllable pore sizes by manipulating the 
deposit volume of polymer solution; the average pore sizes were about 50, 130, and 300 
µm.  This new process is simple but versatile because it is easy to control the pore size of 
fibers i) without any extra apparatus except the new collector plate and ii) without 
altering the solution and process parameters.   
Along with physical properties such as pore size of fibers, the chemical properties 
of electrosprayed fibers are also important to achieve a desirable outcome.  In this regard, 
I fabricated the nanofibers using the mixture of synthetic and natural polymers (PCL and 
gelatin).  Gelatin has RGD like binding sites to allow single cells to attach to the surface 
of the 3D single fiber in serum free media [41].  Gelatin distribution test with CFDA-SE 
showed uniform distribution throughout the entire fiber.  This functionality of the fiber is 
very similar to that of extracellular matrix (ECM).  However, gelatin dissolves in aqueous 
media under the physiological condition.  Thus, I fabricated the fiber with the mixture of 
PCL/gelatin because PCL is a synthetic polymer with good mechanical properties.  The 
stability test of PCL/gelatin fiber showed no significant difference in distribution and 
morphology for two weeks under the physiological condition.  Thus, I confirmed the 
chemical function and stable structure of the 3D scaffold of electrosprayed fibers with 
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controllable pore size to demonstrate the in vitro single cell study on 3D single nanofibers 
similar to in vivo ECM [45].   
Cells are cultured outside the body using tissue culture plastic-ware made of 
polystyrene or other polymers but processed to promote cell adhesion.  Much of the 
investigation into cellular interactions depends on 2D cell culture systems that do not 
recreate the structure or function of scaffolds similar to in vivo environment.  Existing 3D 
models are not adapted in many laboratories due to significant difficulties in 3D cultures 
relative to the 2D culture including problems with uniform cell seeding and inability to 
replicate the in vivo circumstance for cell and tissue inside animals or humans.  For 
example, microfabrication has been studied to create architecturally complex scaffolds 
and to overcome some limitation of 2D scaffold [4, 42].  However, these complex 
structures are expensive to form and do not provide 3D circumstance to single cells 
because the cell morphology study showed that single cell behaves like cells on 2D 
scaffold because microfabrication limits the creation of 3D scaffold similar to ECM [43]. 
In vitro cell adhesion study on 3D nanofibers with controllable pore size is critical 
to understand the in vitro cell behaviors similar to in vivo cell behavior on ECM mainly 
consisting of collagen fibers to act as a supporting framework of tissues and cells.  The 
size and shape of collagen fibers are various, depending on the tissues and organs.  The 
shape is cord or tape with a width of 1 – 20 µm and the collagen fibrils (unit can be 
observed by electron microscopy) are cylindrical with a diameter ranging from 10 to over 
500 nm where cells attach and hug [44].  Our in vitro cell study also showed that single 
cells were attaching to the nanofibers and hugging a single nanofiber.  The cell shapes 
were different when they lodged in one or two single electrosprayed fibers.  Cell shapes 
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were elliptical, triangular, and quadrangular on single fiber, nearby intersection of two 
single fibers, and on the intersection of two single fibers, respectively.  However, shape 
did not regulate the cell spreading area.  Cell adhesion study could be visualized in 
inverted light and fluorescent microscope because the novel fibers allowed the light to 
pass through the large pore sizes.  Thus, these new 3D structures with controllable pore 
size open a new window to in vitro cell behavior study on 3D nanofiber mimicking 3D 
ECM inside mammalian environments.  These 3D structures overcome the current 
drawbacks of conventional electrosprayed fibers with narrow fiber sizes and the current 
cell behavior model using the microfabrication method where cells act on modified 2D 
plates, not 3D space like our 3D single cell behavior model with the new fiber.  
Furthermore, our in vitro 3D cell behavior model has implications for other cell culture 
studies such as cell migration study, shorter and longer cell adhesion study, cell 
proliferation study, cell organization, de novo synthesis and assembly of ECM.  One 
could make fibers using various natural and synthetic biomaterials and modified 
morphology such as porosity, stiffness, microscale topography, and fiber orientation.  
Single layer of fibers has a potential for long-term cell culture study.  The aluminum 
frame also plays an important role in both fiber fabrication and cell culture study.  The 
aluminum foil works as electrodes while the fiber fabricates and acts as a frame during 
the cell culture study.  Mainly due to the frame, the fiber was stable without any 
mechanical damage even after cell culture. 
This study focused on using thin layers of fibers in tissue regeneration.  This 
technique could also be used in numerous other applications such as chemical and 
biochemical protection in defense and security, solar cells and fuel cells in sustainability, 
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In summary, the shape of the void in the new collector plate partially affected the 
fiber alignment.  By manipulating the deposit volume of polymer solution and the size of 
void in the new collector plate, the pore size (about 10 µm to 350 µm) of the fibers was 
controllable to be able to meet the optimized pore size for cell behavior study.  The 
distribution of gelatin on single PCL/gelatin fiber and the stability of PCL/gelatin fiber 
was sufficent to confirm the in vitro single cell behavior study on 3D nanofiber using 
mamalian cells in serum free media.  The shape and area of single cell attached on 3D 
fiber varied and the shape depended on the configuration of the fibers, not the period of 
the cell culutre.  In addition, the in vitro cell behavior model on 3D nanofibers with 
controllable pore size will have a great potential for use in other cell behavior studies 
using various materials and cells. 
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During tissue regeneration using the approach of tissue engineering, the typical 
process comprises harvesting cells from the donor, in vitro proliferation, scaffold 
fabrication, cell seeding on scaffold, and implantation of the cell colonized scaffold into 
the body to cure disordered organs and tissues.  While cells become a tissue, the structure 
of 3D scaffold made of biodegradable polymers fades into the human body.  The 
challenge is designing a scaffold to mimic natural extracellular matrix (ECM), which 
regulate cell behaviors such as cell migration, cell proliferation, and cell differentiation.  
Recently, electrospraying process has been extensively studied for fabricating micro and 
nanosize fibers in tissue engineering due to the possibility of mimicking ECM 
characteristics [1-6].  When electrosprayed fibers are used, the pore size between the 
fibers (less than 20 µm) is smaller than mammalian cells, restricting cells to growing on 
the top surface of the scaffold only. 
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To fabricate the proper structure of 3D scaffold, I reported a novel technique 
which allows the large pore size of fibers suitable for cell infiltration into 3D scaffold of 
electrosprayed fibers.  Thirty day cell culture study demonstrated that cells attached on 
polycaprolactone (PCL) fibers in serum media, and distributed between the fibers 
horizontally and vertically.  The colonized cells glued three layers of fibers, merging into 
one stable 3D scaffold. 
Typically, high molecular weight PCL is used to generate electrosprayed fibers.  
Even though electrosprayed fibers made of high molecular weight PCL have various 
merits, the clinical usage is limited due to the long period of degradation in vitro and in 
vivo study (6 month to 4 years) [7-8].  However, the electrosprayed fibers with low 
molecular weight of PCL are seldom fabricated due to processing difficulty such as the 
low viscosity.  In this study, I demonstrated the fabrication of PCL fibers mixed with 
different molecular weights (high, medium, and low) of PCL to overcome the limitation 
of PCL fiber with low molecular weight and their degradation studies under physiological 
conditions.  
 
5.2. MATERIALS AND METHOD 
5.2.1. Materials 
Polycaprolactones (PCL80K, Mn=80,000 and PCL10K, Mw=14,000) were 
purchased from Sigma (St, Louis, MO) and PCL45K (Mw=43,000-50,000) was obtained 
from Polysciences (Warrington, PA).  Chloroform and methanol were purchased from 




5.2.2. Fabrication of electrosprayed fiber with different molecular weight 
Electrospraying apparatus consisted of a syringe pump (74900 series, Cole-
Parmer Instrument Company, Vernon Hills, IL), BD 10 mL syringe (Luer-Lok Tip; 
Becton Dickinson and Company, Franklin Lakes, NJ), needle tip, high voltage power 
supply (ES30P-5W/DAM, Gamma high Voltage Research, Ormond Beach, FL), earth 
grounding, and different shape and size of collector plate.  The fabrication conditions 
were kept the same for all processes except the different mixing ratio of polymer 
solution.  Flow rate, needle size, high voltage supply and distance between the needle tip 
and the collector were10 ml/hr, 20 G, 10 kV, and 9 cm with the novel collector plate 
(diameter, 1.9 cm and depth 1.2 cm) in a wooden frame (3 cm × 10 cm × 2 cm) wrapped 
with aluminum foil.  The polymer solution with different concentration of PCL80K, 43K, 
and 10K ranging from 5.1 to 24 % were dissolved in a mixture solvent of chloroform and 
methanol (mixing ratio 9 to 1) (Table 5.1).   
 
5.2.3. Degradation test of PCL fibers with low molecular weight 
Three fiber compositions with the same concentration but different mixing ratio 
of PLC80K/43K/10K (22:0:0, 11:11:0, or 9:9:4 respectively) were selected from Table 
5.1.  Fibers were formed under the same conditions described above and incubated in 
Krebs Henseleit buffer solution (pH 7.4) at CO2 incubator at 37 °C for 4 weeks.  The 





Table 5.1. PCL fiber with different mixing ratio of molecular weight 80K, 43K, and 














1 22 22   OK 
1 20 20 - - OK 
1 20 - 20 - OK 
1 20 - - 20 DNW 
2 22 11 11  OK 
2 20 10 10 - OK 
2 20 10 - 10 DNW 
2 20 - 10 10 DNW 
3 20.1 6.7 6.7 6.7 DNW 
2 18 9  9 - OK 
3 20 9 9 2 OK 
3 22 9 9 4 OK 
3 24 9 9 6 DNW 
3 26 9 9 8 DNW 
2 10 5 5 - DNW 
2 10 - 5 5 DNW 
2 10 5 - 5 DNW 
3 5.1 1.7 1.7 1.7 DNW 
3 9.9 3.3 3.3 3.3 DNW 
3 15 5 5 5 DNW 
OK means the fiber was fabricated on the gap of the new collector plate under the fixed 
condition. For all the fibers, flow rate, needle size, high voltage supply and distance 
between the needle tip and the collector were10 ml/hr, 20 G, 10 kV, and 9 cm with the 
novel collector plate (diameter, 1.9 cm and depth 1.2 cm) in a wooden frame (3cm × 
10cm × 2 cm) wrapped with aluminum foil.  DNW means that the fiber was not collected 





5.2.4. Statistical analysis 
Statistical analysis was carried out using single-factor analysis of variance 
(ANOVA).  A value of p ≤ 0.05 was considered statistically significant.   
 
5.3. RESULTS 
5.3.1. Limitation of PCL fabrication with low molecular weight  
To overcome the low viscosity of low molecular weight of PCL and fabricate 
proper period of degradation under the physiological condition, I prepared PCL solution 
with different molecular weight such as PCL80K, 43K, and 10K in the mixed solvent 
system of chloroform and methanol (9 to 1) (Table 5.1).  PCL fibers were generated 
under the same condition of solution (concentration of solution) and process parameters 
(flow rate, needle size, distance between the needle tip and the collector, and high voltage 
supply) using the novel and the conventional collector plates.  First, I fabricated fibers 
with one molecular weight and fabricated the fibers on both the novel and conventional 
collector plates using 20 % of PCL80K or 43K (Figure 5.1), but more than 22 % of 
PCL80K solution began to form beads and fibers on both the collector plates.  Overall, 20 
% PCL80K/43K (10:10) allowed fiber formation on both collector plates but 20 % 
PCL10K, 20% PCL80K/10K (10:10), 20 % PCL43K/10K (10:10), and 20.1 % 
PCL80K/43K/10K (6.7:6.7:6.7) formed droplets of the solution at the needle tip instead 
of flying to the collector plates.  Thus, I increased the fiber concentration of 
PCL83K/43K/10K (9:9:0) and added 10K from 0 % up to 8 % under the fixed 
concentration of PCL80K/43K.  Fibers were collected on the novel and conventional 
collector plates using 9/9/0, 9/9/2, and 9/9/4 mixing ratios.  When mixing ratio of 
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PCL10K increased to more than 5 %, the fiber formation decreased in both the void and 
flat collector surfaces, with the formation of solution droplets at the needle tip instead of 
flying to the collector plates when high voltage was applied into the system.  Thus, fiber 
fabrication was limited by the low molecular weight of PCL, not the geometry of 
collector plate.   
 
5.3.2. Fiber characteristics 
Collected fibers were evaluated under scanning electron microscope and digital 
images were obtained from random regions.  Quantification study of scanning electron 
micrographs revealed that the collector plate configuration does not influence the fiber 
size and the shape of the pores in the scaffold (Figure 5.1 and 5.2).  Average fiber sizes 
on both collector plates were approximately 2 µm and both shape factors were 
approximately 0.50.  Even when the concentration and mixing ratio of polymer solution 
was changed, no significant difference of fiber size or shape of  pore was obtained under 
the same processing conditions.  Compared to the pore size of fibers on conventional 
fibers, the pore size of the fiber made using various mixing ratios on novel collector plate 
showed significant increase due to the decreased density of fibers deposited in the void 
[2].  Average pore size of conventional fiber was less than 10 µm and approximately 150 
µm.  These large pore sizes are similar to our previous results and are suitable for cell 







Figure 5.1. The scanning electron micrograph of the fibers fabricated by (A) 
conventional and (B) novel collector plates.   
 
 
Figure 5.2. Fiber characteristics.  (A) Fiber diameters.  (B) Shape factor.  (C) Pore size.  





5.3.3. Degradation of single fibers with low molecular weight 
The space distribution of fibers allows the charaterization of single fibers without 
interference from adjacent fibers.  To understand the effect of blending on degradation of 
the fibrous network, PCL80K fibers mixed with low molecular weight (PCL43K and 
PCL10K) were incubated in Krebs Henseleit buffer solution (pH 7.4) at CO2 incubator at 
37°C for 2 weeks for 30 days.   Figure 5.3 shows SEM morphology of the fibers before 
and after the degradation test.  The fibers made of PCL80K (22:0:0), PCL80K/43K 
(11:11:0), and PCL80K/43K/10K (9:9:4) were fabricated under the same condition.  
Thus, the fiber size and morphology were similar to these conditions.  The average single 
fiber sizes were approximately 2 µm and the morphology of single fibers shows that the 
all fibers have the tiny grooves on their surface (Figure 5.3A-5.3C).  In majority of the 
fibers, the surface morphology of the fibers after 30 day degradation was similar to those 
before the incubation.  However, at some parts of the fibers made of PCL80K, 
PCL80K/43K, and PCL80K/43K/10K surface morphology had changed with the 
appearance of cracks.  The degree of the surface damage increased in the fibers fabricated 
with PCL 80K/43K/10K compared to those made of PCL 80K or PCL 80K/43K.  The 
few cracked points existed on the surface with a vertical groove, suggesting that PCL 
80K or PCL 80K/43K were partially attached from the fibers during degradation test.  
However, the PCL80K/43K/10K fibers was cut thus two part of the fibers exists (Figure 
5.3D-5.3F).  These results demonstrate that the presence of 10 K PCL, promotes 









Figure 5.3. Effect of blending different PCL molecular weights on degradation of 
fibers. (A-C) The polymeric structure of the single fibers made of PCL80K, 
PCL80K/43K, and PCL80K/43K/10K after the degradation test under the physiological 







To fabricate the electrosprayed fiber, I mainly used different molecular weight of 
PCL, a semi-crystaline, bioresorbable polymer belonging to the aliphatic polyester family 
[9].  PCL degradation is dependent on molecular weight.  As the molecular weight 
increases, degradation time increases (PCL10K for 2 month, PCL43K for 6 months, and 
PCL80K for 2 years) [10-11].  I have published on the formation of fibers using PCL80K 
and PCL43K in the novel collector plate previously.  However, PCL10K alone has 
limited use in electrospraying process due to the low viscosity of the solution; the lower 
molecular weight forms droplets at the needle tip. 
One major concerns of a scaffold is its degradability.  Different tissue and organs 
need different periods of degradation.  In this study, I fabricated PCL80K fibers in 
combination with low molecular weight (PCL43K and PCL10K), and compared the 
fibrous structures with different molecular weight under the same conditions.  In addition, 
I formed scaffolds using the novel and conventional collector plate and evaluated the 
single fiber morphology under the in vitro physiological conditions.  I showed that the 
mixing ratio of polymer solution with different molecular weight is independent of the 
polymeric structure of fibers.  The fiber diameter, shape factor of fibers, and the pore size 
of fibers were almost the same under the same conditions of process parameters (needle 
size, flow rate, distance between the needle tip and the collector plate) when mixing ratio 
of different molecular weights of PCL was changed in chloroform and methanol.  
Although I fabricated hybrid fibers with PCL 80K/43K/10K, the fiber fabrication with 
different molecular weight was also limited to mixing ratio from 9:9:0 to 9:9:4.  
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However, the fiber fabrication was limited mixing ratio from 9:9:5 under the condition.  
Thus, the molecular weight of PCL affects the fiber fabrication.   
The pore size of fibers significantly changed when the collector plate was 
changed from the conventional flat collector plate to the one with voids.  The void in the 
new collector plate allows the large pore size of polymeric structure due to the low 
deposit volume of polymer between the air insulated areas.  However, shape factor and 
pore size were the same when the collector plate changed.  Even after changing process 
parameters and solution parameters, the shape factor of the pores did not change, 
probably due to the random distribution of the fibers on the collector plate.  However, the 
fiber diameters significant changed when formed by changing the solution and process 
parameters.  In particular, the fiber size significantly changed when the distance between 
the needle tip and the collector plate was changed.  
Making use of our innovation to study single fiber characteristics, formed fibers 
were evaluated for degradation analysis under physiological conditions.  Before the 
degradation test, the fiber morphologies with different molecular weight were identical.  
However, presence of different molecular weight of PCL altered the surface morphology 
of the single fibers after 30 days of incubation.  Degradation of PCL consists of two steps 
[12].  In the first step, water diffusion into the amorphous regions and hydrolysis 
randomly cut the ester bonds in amorphous regions, reducing the molecular weight of the 
polymer but weight loss of the polymer was restricted.  The second step consists of 
degradation of the amorphous regions, hydrolysis of the crystalline domain and 
accelerated weight loss [13].  In this study, the surface morphology was observed from 0 
to 4 week.  The entire fibrous structure was stable during the degradation period but the 
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surfaces of the single fibers were partially damaged with small amount of the polymer 
observable in the aqueous media.  Thus, all PCL fibers up to 4 weeks belong to the first 
stage of degradation.  Weight loss of the structures could not be determined during the 
degradation time, primarily due to the problems encountered in errors introduced during 
sample collection and processing to determine dry weight.  Nevertheless, the fibers with 
low molecular weight showed more damaged area on the surface, suggesting that 
PCL80K fibers with PCL43K and PCL10K were more degradable than PCL80K fibers.  
Further, the low molecular weight PCL is more crystalline than high molecular weight, 
which could contribute to the accelerated degradation and the weight loss of the PCL 
fibers [13].  In summary, I can alter the degradability of the single PCL fibers by adding 
the low molecular weight of PCL for tissue regeneration.  Since, no other chemical 
reaction is necessary, there is no change in the functional groups within the porous 
structure.  Use of this technique in various applications such as tissue regeneration and 
controlled drug release needs further investigation. 
 
5.5. CONCLUSION 
The limitation of the fiber fabrication with low molecular weight of PCL can be 
overcome by mixing the high molecular weight of PCL with large and middle molecular 
weight.  The characteristics of fibers (pore size, shape factor, and fiber diameter) were 
independent of the concentration of PCL with different molecular weight and different 
mixing ratios of PCL under the same process parameters of electrospinning.  The 
different molecular weight of PCL accelerated fiber detachment in single fiber under 
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physiological condition.  Thus, the mixing with medium and low molecular weight of 
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CONCLUSIONS AND RECOMMENDATIONS 
 
6.1. CONCLUSIONS 
This research focused on the influence of structural architecture in 3D scaffold of 
the innovative electrosprayed fibers with large and controllable pore size on cell behavior 
for tissue regeneration (Table 6.1).  Micro and nanofibers were manufactured using 
electrospraying technique and the innovative collector plate allowed the formation of 
fibers with large pore size in 3D scaffolds.  The large pore size allowed the 
characterization of single fibers-cell interactions.  The pore sizes in the 3D scaffolds were 
controllable by manipulating the deposit volume of the polymer solution and the diameter 
of the void in the novel collector plate.  Findings from the study are summarized in Table 
6.1, according to the three specific aims described in Chapter 1and basic components in 
each specific aim, following the pattern shown in Figure 1.1.  Detailed descriptions are 
given below.   
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Table 6.1.The research summary 
 Specific Aim 1 Specific Aim 2 Specific Aim 3 
New process The design of the novel 
collector  
The control of pore 
size by manipulating 
the deposit volume 
The aligning of the fiber 
by designing different 
shape of collector plate 
Collector plate Novel/conventional Novel/conventional Novel 
Materials PCL/gelatin Type A PCL/gelatin Type A PCL/gelatin Type A 
PCL molecular weight 80K/40K 80K 80K/40K/10K 
Solvent CF/MeOH or MeOH/H2O HFP CF/MeOH or HFP 
Fiber size Micro/nanofibers Nanofibers Micro/nanofibers 
Fibers Large pore size Controllable pore size/ 
Aligned fibers 
Hybrid fiber with 
different molecular 
weight 
Fiber characteristics Comparison of new and 
conventional fibers 
Comparison of new 
and conventional 
fibers 
Influence of different 
molecular weight on 
surface morphology 
 Mechanical test 
(load-extension curve) 
Gelatin distribution in 
single fiber 
Acceleration of  PCL 
fiber degradation by 
mixing low molecular 
weight 
  Stability of 
PCL/gelatin fiber 
 
Cell study system PCL microfibers PCL/gelatin nanofibers  
Number of layers Single/Three or Multiple Single  
Cell line HFF-1 cells HFF-1  
Media 15% serum added media Serum free media  
Period of cell culture  In vitro from 1 to 30 day In vitro from 3 to 24 hr  
In vitro cell study (all 
cell study completed 
with HFF-1 if not 
mentioned) 
The large pore size of 
fibers allow cell 
infiltration (S/M) 
The configuration of 
fibers affect the fiber 
shape of cell 
attachment not the 
period of the time (S) 
 
 Cell on fiber grow not 
only horizontally but also 
vertically (S/M) 
  
 The cells on 3D scaffold 
to colonize by themselves 
(S/M) 
  
 The cell act as a glue to 
attach each layer and , 
become stable cell-glued 
3D scaffold (M) 
  
PCL, polycaprolactone; 80K, 80000; 40K, 40000; 10K, 10000; CF, chloroform; MeOH, 
methanol; H2O, distilled water; HFF-1, human foreskin fibroblast; S, single layer; M, 
multiple layer; HFP, hexafluoro-2-propanol. 
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6.1.1. The first specific aim is to develop thin layers of PCL electrosprayed fibers 
with large pore size and evaluate its application in developing thick 3D scaffold 
(Chapter 3). 
New process: I successfully designed a novel collector plate (having four circles in a 
wooden frame wrapped with aluminum foil) to fabricate thin layers of electrosprayed 
fibers with large pore sizes.  The size of the void could be as large as 10 cm and in 
different shapes.  The thin layer of electrosprayed fibers can be easily handled without 
mechanical damage because of the supporting structure.  This novel collector plate is also 
versatile enough to be associated with existing electrospinning techniques to manipulate 
mechanical and biological properties of fibers.  The novel collector plate was also utilized 
in dual injection system (sequential and simultaneous injections) of PCL and gelatin. 
Characteristics: The diameters of the fibers made of synthetic (PCL), natural (gelatin) 
and complex (PCL/gelatin) polymers using chloroform/methanol(10 nm to 5 µm) were 
the same in the novel collector plate to that in the conventional plate when fabricated 
under the same process and solution conditions.  The pore size of fibers produced with 
the novel collector plate were larger than those produced with the conventional collector 
plate due to the decreased density of fibers.  The load-extension curves of bulk PCL 
fibers showed that the elongation of fibers from the novel collector plate was two times 
longer than that of the conventional plate but the load carrying capacity decreased by half.  
The effect of hydration on single fibers of PCL and gelatin structures showed dissolution 
of gelatin due to the absence of a stabilization reaction.  
Cell behavior: Single layers were successfully used in hydrated conditions to evaluate 
the interactions of human foreskin fibroblasts.  Thin layers were placed serially to 
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develop thick 3D structures by adapting layer-by-layer assembly.  Long term (30 days) 
cell culture showed that the cells colonized the layer-by-layer assembly and generated a 
single thick tissue.  Cells distributed throughout the scaffold in vertical and horizontal 
directions.  Formed structures were tailorable.  
 
6.1.2. The second specific aim is to develop thin layers of PCL/gelatin electrosprayed 
fibers with controllable pore size and evaluate its utility to study single cell behavior 
in 3D configuration (Chapter 4). 
New process: The pore size (about 10 µm to 350 µm) of the fibers was controllable to 
meet the optimized pore size for cell behavior study by manipulating the deposit volume 
of polymer solution and the size of void in the novel collector plate.  The large and 
controllable pore sizes were fabricated when the deposit volume of the polymer solution 
was manipulated in microscale.  As the injection volume increases, the pore sizes 
decreased since the deposit volume of polymer increased among the holes.  When the 
size of the void in the novel collector plate increased from 9 mm to 19 mm, the pore size 
increased from 10 µm -60 µm).  Furthermore, the shape of the hole such as a circle, 
triangle, and square affects the fiber structure, in particular; few fibers were aligned in a 
triangular collector plate and fibers in rectangular system also seemed to have aligned 
perpendicular to the long side in macroscale but the fibers were distributed random in 
microscale. 
Characteristics: The fiber diameters were not affected by change in the void size or the 
shape of the void compared to the conventional plates.  The PCL/gelatin fibers formed 
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using hexafluoro-2-propanol showed uniform distribution of gelatin when analyzed using 
CFDA-SE.  Further, gelatin was stable for two weeks under the physiological conditions. 
Cell behavior: In vitro cell culture study also showed that single cells were attaching to 
the nanofibers and hugged around the 3D nanofiber even though the cell size (20 µm) 
was at least 20 times bigger than that of the fiber size (700 nm), single cell attached on 
the single nanofiber.  The cell shapes were different when they lodged in one or two 
single electrosprayed fibers.  Cell shapes were elliptical, triangular, and quadrangular on 
single fiber, nearby intersection of two single fibers, and on the intersection of two single 
fibers, respectively.  However, shape did not regulate the cell spreading area.   
 
6.1.3. The third specific aim to develop hybrid PCL fibers with different molecular 
weight and evaluate its degradation under physiological condition (Chapter 5). 
New process: The limitation of the fiber fabrication with low (10K) molecular weight of 
PCL can be overcome by mixing with high (80K) molecular weight of PCL with large 
and middle molecular weight.   
Characteristics: The characteristics of fibers (pore size, shape factor, and fiber diameter) 
were independent on the concentration of PCL with different molecular weight and 
different mixing ratio of PCL under the same conditions of process parameters of 
electrospinning.  The different molecular weight (80K/40K/10K) of PCL accelerated 
fiber detachment in single fiber under the physiological condition.  Thus, the mixing with 
medium (40K) and low (10K) molecular weight of fibers are suitable for controlling the 





6.2.1. Nanoscale characterization of single fibers 
The new process of electrospraying technique allowed the controllable large pore 
size of fibers similar to ECM.  Nanostructure of the 3D scaffold influences cell behavior 
such as cell infiltration, cell adhesion, cell growth, and cell colonization.  However, the 
process need to be explored for other fiber configurations by modifying the apparatus, 
especially the injection system and the collector plates since nanostructure [1] of fibers 
with stiffness, pore orientation and topography in microscale such as surface roughness, 
groove, and edge affect cell behavior on single nanofibers.  For better understanding of 
these interactions, single fibers needs to be characterized in nanoscale using techniques 
such as nanoindentation and nano-tensile test.  The shape and size of holes affect the 
alignment and pore size of fibers as the distribution of the external electrical field 
becomes more complex [2].  Thus, further study is necessary to understand electrical 
field changes in the void to understand the rationale for fiber alignment.   
 
6.2.2. Development of the new fiber with various biomaterials 
In this study, I used PCL and gelatin to form porous structures and evaluated 
cellular interactions direct the growth of cells in vitro culture.  However, tissue 
regeneration requires that cells be given more specific instructions.  Inside the body, the 
cells that repair damaged areas receive different signals both from the wounded tissues 
and healthy surrounding sites.  Cells are sensitive to their surroundings.  Between 10 and 
100 µm, cells interact with environmental features at all length scales from the macro to 
the molecular.  The ideal scaffold structure is one in which the scaffold consists of 
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biomaterials that can selectively react with the specific adhesion and growth factor 
receptors from healthy cells in normal surrounding tissue.  Scaffolds guide migration of 
the healthy target cells to the wounded sites and stimulate their growth and functionality 
such as differentiation [3].  3D Scaffold mimics ECM, which have various formulations 
in different tissues and at different developmental stages.  Variety arises from the 
molecular interactions between many isoforms, ratios, and geometrical configuration of 
collagen, elastins, proteoglycans, and adhesive proteins such as fibronectins [1].  Thus, 
various materials have to be explored apart from PCL and gelatin for the new scaffold to 
include hybrid multifunctional materials such as growth factor immobilized 
PCL/Chitosan/gelatin fibers with various cells. 
 
6.2.3. Development of bioreactor 
The proper micro and macroscopic architecture of the tissue is necessary for 
proper function of the tissue.  For instance, connective tissue cells cultured on 3D 
scaffolds in vitro secrete ECM molecules but fail to acquire the appropriate tissue 
architecture.  The solution may depend on applying appropriate external stress during in 
vitro cell culture by using bioreactors such as simply pumping media through the cell 
containing porous structures or waving the reactor [4-5].  Thus, the development of thick 
tissues (more than 300 µm) using the thin layer of fibers also requires a design of an 
appropriate bioreactor to accelerate tissue growth and improve functionality.  For 
instance, the cell glued 3D scaffolds of three layers demonstrated that cells in three layers 
were well distributed, colonized, and merged each layers to one stable 3D scaffold.  
However, a thicker 3D scaffold study using four or more layers needs to clarify the 
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limitation of media diffusion.  Further, a new bioreactor design that allows cells to 
colonize in thicker 3D scaffolds needs to be explored [5-6].   
 
6.2.4. Tissue engineering model 
In vitro cell culture study of human fibroblasts for 30 days confirmed the new 
fibers have a significant potential developing thick 3D scaffold and to be able to expand 
its use in various tissues such as blood vessels, bone, neural and tendons/ligaments.  One 
of the current drawbacks in regenerating tissues using in vitro cell culture is the lack of 
their own blood supply systems.  Thus, the distance of oxygen diffusion is limited to a 
few hundred micrometers at most.  When implanted, colonized cells in 3D scaffold start 
to consume oxygen in a few hours, however, it will take a few days to grow the new 
vessels.  If vascular system with artificial tissues or organs can be fabricated using in 
vitro tissue engineering, this tissue can be used as a model for many different fields such 
as pharmaceutical and cosmetic industries. 
 
6.2.5. Clinical applications 
Tissue regeneration involves the cell culture from a donor or human body, in vitro 
cell culture, cell seeding, colonization of cells on 3D scaffold, and finally the colonized 
scaffold is implanted into the human body or the patient to cure and regenerate damaged 
organs and tissue [7].  Before the implant, the in vivo animal culture is essential to 
confirm the clinical use of the scaffold.  In vivo result will also provide information on 
improving the architecture of 3D scaffold followed by another animal study.  Repeating 
this process will facilitate fabrication of an optimum 3D scaffold.  Consequently, the 
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clinical test is the ideal goal of this innovative system to apply to various tissue 
regenerations with different cells and fine-tuned structure of 3D scaffold made of various 
biomaterials.  Thus, the innovative fibers with large pore size open a new window using 
biomimetic 3D scaffold in clinical medicine. 
 
6.2.6. Other applications 
Several recent advanced technology of electrospraying process is a near-field 
electrospinning process to deposit solid nanofibers in a direct, continuous, and 
controllable manner [8], fiber alignment and the patterns of fiber deposit on insulated 
gaps on the collector plate (gold/quartz systems) [2, 9].  Due to the controllable pore size 
of nano and microsize fibers from few decade to few hundred micrometers, my new 
electrospraying process can be utilized in many fields: nanoscience and nanotechnology, 
drug delivery system, gene delivery system, protein delivery system, environmental 
engineering, sustainability such as fuel cell, polymer science and engineering, 
pharmaceutical science and engineering, biomedical science and engineering, mechanical 
engineering, electrical engineering, textile engineering, bioengineering, clinical medicine, 
biology, biochemistry, organic chemistry and chemical engineering. 
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THE PARAMETER OF ELECTROSPINNG FOR CONTROLLING FIBER SIZE  
 
Appendices consist of two tables: Table A1 and Table A2 where various solution and 
process parameters of electrospraying to fibers to fabricate various fiber sizes.  The 
abbreviations in table are as follows; molecular weight (MW), concentration (CON.), 
solvent (SOL.), flow rate (FR), syringe volume (SV), needle gauge (NG), distance 
between needle tip and collector plate (DIS.).  The all materials are related to 
Polycaprolactone (PCL). The abbreviations of polymers, solvents, and ingredients stand 
as follows: Poly(lactic-co-glycolic acid) (PLGA); poly(2-dimethylamino)ethyl 
methacrylate (PDMAEMA);  Cloisite 25A (CL25A), organically modified 
montmorilonite, ;  Poly(l-lactide-co-caprolactone) (PLCL);  Polyurethane (PU);  β-
tricalcium phosphate conjugated PCL (PCL-β-TCP);  TCPPCLEEP; polyethylene glycol 
(PEO);  Dichloromethane (DCM);  Dimethlyformamide (DMF); Hexafluoropropylene 
(HFP);  Tetrafluoroethylene (TFE);  Methanol (MeOH);  Chloroform (CF);  drug delivery 
system (DDS).  The superscripts of numbers after materials are the number of the citation to 
show in Chapter 2.6. REFFERENCES. 
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-/23 7.6-14 - 250  - 
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180,000 3-12  DMF - 5/- 15 12-25 50-700 - 
PCL [78] 
(2008) 
69,000 7-11 DMF 1.84 5 /- 
 




- 3-10 HFP 3 5/18 10 20 582-637 - 
PCL [80] 
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-/- 5 7 2026 - 
PCL [81] 
(2007) 
- 8 DMF/ 
MeOH 
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40,000 0-15 CTAB 5 10/- 30 20 180–220 - 
PCL [83] 
(2007) 
80,000 0.14 DMF/ 
THF 
- -/- 20 15 438-519 - 
PCL [84] 
(2007) 
40,000 9 Acetone - -/- - - 691 - 
PCL [85] 
(2007) 










80,000 8 CF/ 
MeOH 
(7:3) 
0.5 -/- 10 0.8  
(kV/cm) 
550-810 Heparin  
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65,000 10–15 CF 1.2 5/22 12 15 1020 - 
PCL/                                                       
Gelatin [99] 
(2007) 
80,000 10 TFE 0.7 10/- 21.5 10.5 300–600 - 
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Scope and Method of Study:  Architecture of 3D scaffold is closely related to cell 
behaviors such as cell infiltration, cell attachment, cell growing and cell colonization in 
3D scaffold.  The influence of 3D scaffold on the cell behavior is very important to 
understand the nature of cells in artificial 3D structure and to design better 3D scaffold.  
Thus, the thin layer of nano or microsize fibers made of synthetic (polycaprolactone or 
PCL) and natural (gelatin) polymer are fabricated using novel electrospraying process.  I 
designed the innovative collector plate with void gaps and developed novel process with 
the collector plate to fabricate large and controllable pore size.  Physical (pore diameter, 
shape factor, and pore size), mechanical (load-extension curve), chemical (gelatin 
distribution on single fiber, stability test of single fiber under physiological condition) 
were evaluated.  Using human fibroblast and the thin layers of the large and controllable 
new fibers, the cell cultures study was carried out in serum free media or in serum media.  
The multilayer of cell culture was developed using layer-by-layer assembly methods.  
The cell morphology was confirmed by using confocal and light microscope, SEM.  The 
cells were stained with Alexa Fluor 546, DAPI, and CFDA-SE for morphology study and 
H & E staining for cell histology.  The cell glued 3D scaffold with multilayer was 
confirmed by tailoring random area of the scaffold. 
 
Findings and Conclusions: The novel collector plate allowed the new fiber with large 
pore size and the pore size to be controllable by manipulating the deposit volume and the 
size of the circular void gap in the collector plate.  The fiber diameter is independent of 
the new collector plate and they are related to the electrospraying parameters such as the 
distance between the needle tip and the collector plate.  The shape of the void gap affects 
the alignment of the fiber on the edge of the triangular shape but in circular and 
rectangular shape of the void gap, fibers were randomly oriented.  While 30 day cell 
culture using PCL fibers and serum added media, some cells were infiltrating through 
large pore and other cells are attaching on the fiber, growing on or between the fibers not 
only horizontally but also vertically, colonizing each other, and merging three layers of 
the fibers into one stable 3D scaffold, finally becoming cell-glued thick 3D scaffold even 
after tailoring the aluminum frame since cell acts as a glue.  The shape of single cell on 
PCL/gelatin single nanofibers in serum free media was regulated by the configuration of 
single fibers, not the period of cell culture from 3hr to 24 hr. 
